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Appendix A 


PROTOCOLS EMPLOYED FOR CHEMICAL SAMPLING 


Figure Arl aescribes the sequence in which groundwater 
samples tor the various chemical parameters were obtained at 
tine Upper Ottawa Etreet sitee Other routine procedures 
associated with the taking ot water Samples are also 
included, such as tte measurement oft water depth, removal of 
€tandin, water end determination of tield temperature, pil 
and electrical conuuctancee When a sample ior an individual 
Chemical parameter was not to be taken at e particular 
pointy, it was sinply omitted trom the sequence and the 
remaining, samples obtained in the order indicatede 

Special measures were employed at piezometers where 
recharze rates were too slow to obtain all of the desired 
Samples within approximately three hourse When &@ slow 
recharge rate was suspecteuy a l-l aliquot ot the standine 
water initially removed trom the well was saved in an amber 
glass vottle prepared tor extractapnle organics analysis. li 
the well tailed to recharge after 24 hours, the saved water 
waS used either as an eratractable organics or a mayor 
ions/nitrozen species/oulk parameters Sauplee I1 rechnarze 
watnin 2% nours was Suliicienty, the earlier gample was 
agiscarded ana the newly-recharged water removed and saVeu 


ior the desired cheaical analyseSse 
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Clean water-level tape with deionized Hy | 


+ 
| Measure depth to water 


+ 


Select pumping apparatus (b) | 
+ 


[ clean tubing for pumping apparatus (b) | 
+ 


Lower tip of tube to bottom of piezometer, 
then lift up approximately 10 cm 


+ 


Remove standing water (v) | 
+ 


Collect initial TOC/C1 sample (c) | 
+ 


Purgeable organics (d) 


+ 


Extractable organics (d) | 


+ 


Field temperature, pH and electrical conductance (e) | 
4 


Major fons/nitrogen species/bulk parameters (f) | 
+ 


Heavy metals (f) 


Dissolved oxygen (g) 


Dissolved methane (h) 


Aqueous fsotopes (1) 


U 


Final TOC/CI (c) 


Clean sampling tubing as described in section (b) 
then wipe outside with cloth soaked in methanol 
(reagent grade) to remove residual organic material 
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Methods for sample contaiaer preparation 


EXTKACTABKLE ORGANICS 


bottles (l-litre, amber elass, Gbarrow-on¢ecked) 


1. 


Ve 


1Ue 


ll. 


Cape 


kinse Thoroughly witn hot tap water e Remove 
label(sd)e 

Add a iew ml Eatran (neat). 

Fill to rin witn hot tapwater 

Allow to Scak overnight 

Empty and rinse with deionized water until soap 
appears to be eone (no pudbplesdD)e 

RinSe with 10% HNO (Concentratea nitric acid 
diluted wi th orgeanic-iree deionized water). 

Kinse 3 times with small aliquots (10 ml) 1 
Oreganic-tree deionized watere 

Ringe a times with either spectroscopicw~e 
acetone or methanol (acetone preiterrei), using a °0 
ml aliquot and thoroughly covering all iner 
SurtaceSe Drip dry in noode 

Rinse 2 times with either spec~grade nexane or 
Spec-grode methylene cnloride (hexane preterred), 
again usine a JU ml aliquot and thoroughly covering 
all inner euriacese Drip dry in hoode 

beke at 1ULOC overnignte 


Cap with Tetlon tace ot liner ayainst bottle lip. 


(untaineu ) + Liners (Tetton-taceyg siticone rubber 
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Ie Remove liners from ised ca . Discard Liners which 


are discoloured. 


ie Rinse cap=-liners well with t pwatere 


aie Place caps and liners in - sparate beakers tilled 


with ailute Extrane 


26 Soak ior at least 2 hours. 


water until soap appears *. be gonee 
De Soak caps and liners in 10” HNO3 
Te kinse botn J times witn oryganic-free water. 
Be bry both at SsUVoC tor at least 3 hrs. 
lie PUKGEAMLE ORGANICS 
Ae Bottles (250U-ml, amber glass) 
le Follow procedure tor extractable orpvanics 
steps 1 through Te 
Ze bry in oven at 1UV0C 


ite Cap whale still warwe 


Sle Rinse caps and Liners ti otougnuly with deionized 


bottles, 


+e Purge with nitrceen tlowing at approaraimately 1900 


ml/min tor 5 minutese 


De Re-cap inmediately 


be Caps (leuritled) +f Liners ( Teilon-facey silicone rubber 


Sevta ) 


1. Prepare caps tor eatractanle organics bottle capse 


2e Dispose ot ola liners = wash uew ones with 
dree water J timese 
dAile SYRINGES 


Ae Pilaatic (hor dissolved uxyzen) 
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le Rinse well with tapwater, remove label(s) and 


neeilese 
Ze Shake oft excess water. 
Je Air dry in laboratory. 


Glass (gor methane) 


le Rinse well with tapwater, remove lavels and 


needles. 
<e Kinse with dilute (2-35%) HNO3 
te Rinse well with tapwater 
+e Gently Shake of1 excess watere 


De Air ury in laboratorye 


ovU=-ml Plastic nottles { used tor aqueous 


samples ) 
Le Rinse well with tapwater, remove labels, 


excess water and air dry in Llabe 


isotopes 


Shake out 


lel Plastic bottles [used to holu MOE samples trom JST 


points prior to filtration, and tor enriched tritium 


samples) 

1. Extran soak for one hnoure Remove all 
visipnple dirte 

Ze Kinse out soap with deionized H20 

Je Acid wash with i1C® iCl 

te Rinse with deionized H20V0 


Se Air dry in labe 
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be Peaigns operation and cleaning of pumping equipment 


Three diliterent types oi pumping apparatus were used to 


obtsin eroundwater Samples ior Chemical analysis: A 
Pega tattle putas & tripee tuve sampler and a @4 8-34 Ue e Ze 
Pump e when The water Suriace in the piezometer was within 
vacuum litt height (i eee, oS mm), the peristaltic pump was 
useude The triple-tube was useu tor nearly all piezometers 


where the water surface was beyond vacuum Litt heigzht (>? %& 
m )y the only exceptions being the larger-diameter i(1.e5-in) 
Standpi pes, U¥25 and UWle, where the ,as-syueeze pump was 
employede 
le. Peristaltic Pum, 

la) Apparatus 

A variable=-Speed peristaltic punp (FP) was used in 
conyunction with PIFE (polytetrairluoro-ethylene, or Teizlon 
R) Tuning to obtain samples from points where the depth to 
water was eithnin vacuum Ut ne ith t (approaimately 23 m)e 
The tuning is mounted ona _ wooden spool lined with PTFE 
sheeting to tacilitate cleaning and minimize cross- 
contamination amonsz consecutive samplese For sampling, the 
tree enu ol the turing is tea down the piezometer tube to 
the desired de pthe The opposite end oi the tube remains 
tixeu to the spocl and is connected internally to a 
Stainless steel port On cne side oft the Spoole Atter the 
Sampling tube is lowered into tne piezoneter, the connection 


to the pp is completed using a short length Of PIPE  tubdin- 
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© 
with one end a1rzixeo to the Spool access port vy a Swagelox 
(R) t4ittine and the other connectea either to the tlow- 
throuen system tor organics sampling {see section d below ) 
or darectly to the Fr tor all Other samplese 
Standin., water was removei trom all piezometers sampled 
with the PP by pumping out at least 2 lL (wherever recharge 
rates permitteu) beiore cvtaining any samples for chemical 
analysise 
(b) Cleaning 
le Wipe outside o1 tubine witn a clean cloth soaked in 
reasent-pzrade methanol as the CUWHlme ws withdrawn 
from tne piezometere 
; | 
ae Pump one or two SU-=mtl aliquots ot 1LU® owl assasKe Eyeslel 
tThrowyh PTFE tupingsand P's 
Die Pump two or three SvV-ml aliquots ot reazent-vrade 
methernol through entire apparatuse 
te Pum,» 1 l o1 acelionizeu water tnurougn apparatuse 
Se Wipe outside of tubing wnile it is being Lowered into 
pilezometer, uSin, a4 cloth So0anrkeu with aeionized 
watere 
(2) WUriple=Tube Punp 


(a) Appara tus 


The tri ple- tube (JT) is @ gsaSrdriven, positive 
displacement pump used to obtain Samples trom narrow- 
alameter piezoumeters (Robin et aley L952 de As with tne PP 


Tuoliuey sstee BVI asi Wit o' fa) is-inatie: or PIPE 4nd mounted on a 
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4 
wooden Spool lined with FIFE Sheetinge During sampling with 
this apparatus, erounawater contacts only PTFE, Stainless 
steel (or oprass)y, @ short lLengtn o1 latex tubing and 
Ordganicetree nitrogen €ase 

The design and Operation of the 5T pump are described 
by Robin et ale CiUSies2 ie Standin, water was removed from 
all piezometers sampled with the JT by removing two JT tube 
volumes (where rechserge rates permitted) prior to obtaining 
any Samples tor chenical analysis. 

(b) Cleaning 

Tne me thous used for cleanin, the J3T pump during 
Sampling operations are identical to tnose used tor tne PP 
tubing (describeu atove)e. 
(oy) Gas=squeeze (ILA) pump 

(e) Apparatus + 

Tne 1EA pump (Inuustrial and Environmental Analysts, 
Incey Essex Junction, VT) is a gas-squeeze pump which was 
used to sample the larcer-diameter standpipes ( Uw26-2 anu 
Uw2s-2 )-o The principle of operation of this device is 
Gescribveud by Gillhan et ale (19483 )o 

(b) Cleaning 

Prior to sampling, tne 1EA pump was rinsed with dilute 

nitric acid, reayvent~wrade metnanol and deionized water. 
(4) Tubde bailing 

At those piezcmeters where none of the three methods 

agescrived above proved to De errective in obtaining eater, a 


Simple pailing technique was employed. Aiter appropriate 
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cleaning, the PP tube eas seit down to the pottom of the 
sampling point with its Upper end open to the atmosphere. 
The upper end was then blocked and the tuning, containing 
sample held by suction, raised out otf the piezometer,. 
Sample was then delivered by Opening the sealed end. hie ss 
Procedure was repeated until a Ssufticient volume of sample 


was obtained. 


Se Methods for Collecting Groundwater Samples for Specific 
Chemical Parameters 


1. Tetal Organic Carpon/Cnloriae 


Samples were collected in new, 20-ml glass 


scintillation vials trom the eifluent end ot either the PP 


or the JT apparatuse The vials were sealed with toil-lined 
screw caps and packed in ice tor transport to the 
laboratory, where they were storea at approximately 40C 


until analysed. 


<- Furseapble and Extractaple Organic Zompoungs 


Samples tor purgeable and extractable C©rganic compounds 


were optaineud in amber glass bottles (purgeables: 250 ml; 
eatractables: 1 lt) using the apparatuses aepicted in figure 
A-Z and figure A-v- Sample bottles were connected in line 


witn tne PTFE sempling lines py threaaeud stainless-steel 
CapSe Gas-tignt seals ut the oottle necks were ensured by 


using Vitron (RR) Op rines imbediei within the caps. 


(1) Peristaltic Punp Proceuure 
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Bottles tor pure een le ana extractable organics samples 
were installed in series upstream trom the peristaltic pump 
@> Shown in Figure A-2. 

At least 75u wls ot Brouniwater were pumped through the 
system betore any purgeable organics samples were takene Ii 
the pilecometer recharve rate was sufficiently hnixyzn, at least 
two litres Oi groundwater were Pumped pDefrfore any organics 
Samples were taken. The vacuum seal was broken by Loosening 
the stainless steel fitting at the ettluent port on the 
tuning spoole Tre purveanle oryanics pottle was then 
unscrewed trom its etainless steel cap, Spiked with 1 ml ot 
organic-free aCl ge) Ua cia? § @&5 a preservative (Longbottom and 
Lichtenberg, 1lys2), ang sealed without a headspace using a 
PTFE-lLined=-septum-fitted cape Extractable organics samples 
were obtained by unscrewing the l-l bottle from its 
Stainless-steel cap and sealing it with a miniwua headspace 
using a PIFE lLined-septum-tittei cape Both purgweable and 
extractable organics samples were packed in ice as soon as 
possible for transport back to the lLavoratorye Replicate 
samples were obtained by placinz clean pottles into the 
Stainless steel caps, re-connecting the sample line to the 
tune spoot and repeating the above proceduree Samples were 
Obtained trom slowly~recharging points by pumping a smaller 
volume ot water through the 3ystem before samples were 


taken, or by returning within 24 nours to complete the 


Operatione 


(2) Triple-Tube Procedure 
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Figure A-3. Groundwater sampling using a triple-tube sampler (Robin et al., 1982). 
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Samples were taken individually at the Sample outlet ot 

the pump, using the &ppropriate stainless-steel cap tor each 
ot the two types oi samples. When the recharge rate was 
Sultsiciently nish at an individual piezometery, the first two 
triple -tube volumes were discarded, and sampling commenced 
On the third, after taking the initial TOC/CL Sampler bse 
the recharge rate was too slow to reiiltl oie Piezometer, 
within approximately thirty minutes, the initial ef#luent 
was saved &S an extractable organics (or, it preterred, a 
major ions/nitrogen species) Sanplee In these Waste nclee: 
purgeable orjanics Samples were taken irom the initial 
ettluent on the Zollowing daye A sample tor purgeable or 
extractable organics was taken by unscrewing the filled 
bottle from its stainless steel cap preserving, sealing and 
transporting it in the Same manner as that usea tor the 


Peristaltic Pump Procedure ior organics (described above). 


e@- Field Measurement of Selected Chemical Parameters 

It Samples ior mayor ions/nitrogwen Species/bulk 
paremeters or heavy umetale were to be taken, the groundwater 
temperature, pH ano electrical conuuctance were measured in 
the tield prior to cbtainineg these samplese 
(1) Perastaltic Pusp Procedure 

At piezometers wnere the recharge rate was rapid enough 
to provide a steady stream ol water, & tielu thermometer, PH 


prope, (Can Lab, HoSUIH4U) and three pu vbutier solutions (pH 
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At 
= 2e0Us- 7JeJU0 and 10.0uU). were brougnt to tnermal equilibrium 
with the sroundwater in a plexiglass tlow-through cell. The 
ettluent stresm trem the cell agiscnarged into a plastic 
beaher Containing an electrical conuuctance probe (YeSele= ) 
which was also alloweu to equilibrate thermally with the 
watere When the thermometer reading stabilized, the pit 
meter was calibrated with tne butfer solutions. 
Measurements o£ temperature, pH and electrical conductance 
were then recorued once a Stable value for each was 
obDtainede 

At Sampling pcints where recharge was too Slow to 
provide a steady stream ot watery, a 2U0-mlt «lass vial anda 
small plastic pbeaher ewere filled wi tn the discharged 
&eroundwater anu the water temperature measured immediately. 
The groundwater, thermometer, pH probe, buiter solutions anu 
electrical conductance prope were then allowed to reach air 
temperaturee Aiter calitration of tne pH meter, electrical 
conductance and ph were measured and recorded. 

During the tielda season, the electrical conductance 
meter and prove were calitrated periodically with a standard 
aCL solution, using the tecnnique outlined by Wood, (lyaid.e 
In all cases, the cell constant wa- tound to be lel + Vel. 
Consequently, electrical conductar.: = values measured in tne 
tielu were not corrected tor varia*:..o:1:; in meter response. 


(2) Triple-Tube Procedure 
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Because the triple-tube purn.> uSually provides a 
srounawater etfluent stream tor a re-..ively short period of 
time, tiela measureswents of wate: temperature, PH and 


electrical conductance coula aot be ..ue under conditions ot 
continuous tlowe AS A result, te verature was measured 
immediately, on the secon, whip Ve=t io vo bumes while pH and 
electrical conductance measurements --re made using the air=- 


equilibration tecnnique descriped i. the previous sectione 


i- Mauor Tons, Nitrogen Species, Bulk Parameters and Heavy 
Metals 


Water samples ior the analysis ot major ions, nitrogen 
species, bulk paraseters and heavy metals were tiltered in 
the tiela in order to eliminate chemical interferences 
introduced py the presence vot Suspended solidse The tield 
ailtration apparatus coneisteu ot a gluss tivore pre-filter 
ang a wempbrane dilter (O6.4d5 mm), both hneld in a plexiglass 
tripou tilter nolder (Geotech cnvironmental Equipment, Ince; 
Denver, CU). Orivinally, & menbrane tilter made of PTFE was 
usede During the sagmplins program, however, an experiment 


was carrieu out in whick one set of samples of distil «+d 


water were drawn through the tittration apparatus using : 1: = 
membrane tilters, white another set were titte:ed ou Zz 
cellulose acetate nhewbranese cCnhemicaec ae oe 

bamples (see Lavnle J) aemonstrated that the filtrat 
material (CTRIE IS 6 cellulose acetate, ~elass fibre or 


plexiglass) did nct contributed sigyniticant quantities oft 
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mayor ions, nitrogen species or neavy netalsy, relative to a 
distilleit water blank. Consequentiy, cellulose acetate 
tilters were Substituteo tor the more expensive PTFE 
membranes ior the remainger oa the investigatione 

samples tor mayor ions, pulk parameters and nitrogen 
Species were taken ina I=Litrs lass bottle prepared ior 
this purpose ant supplied by the Untario Ministry ot the 
Environment (MOL). The nottles were tilled with tiltered 
Sample, sealed with a minimum head Space end packed in ice 
4o0r transport to the MOE Laboratory in Rexdale, Ontarioe 
Filtered water samples tor heevy metals analySis were taken 
dnitaally in S5vuU0-ml polyethylene bottles (also supplied by 
the MOE), aciditied with 1 ml of 10% nitric acid sealeu with 
& wpinimum head space and transported, unretrigerated, to the 
MOE lLaboratorye For purposes ort convenience, polystrene 
bottles were Substituted ior the polyethylene ones’ py the 
NUE during the course of the sampling progurame Initially as 
well, @ separate, unacioitiea sample was taken in another 


SuJ-ml plastic bottle ior boron anu arsenic analysis, 


according, to MUc ypuidelines (Ontario MUE, 1Y97Y). Following 
reviseu MOr procedureéy ( Me kawlinus, personal 
communication), this esas tound to be unnecesSary, so that 


only a Single aciditied scample waS Submitted to the MOE ior 
all metals analyses during the latter nalft otf the prograine 
Between Samples, the rilters were discarded and the 


tiltreation apparatus wes disassemblet and rinsed with 
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delonized water. Dilute (1lUu%) nitric acid was useu to rinse 
the apparatus aiter particularly turpida samples, followed by 
& thorough rinse with deionized watere In these instances, 
the metals sample was taken before the mayor jons/nitroven 
Species/pvulk parameters fample at the neat piezometer, eri 
order to minimize contagination ot the latter sample by 
resiuual nitric aciu trom the washing procedure. Fresh 
dilters ani pre-1ilters were uset for all samples. 
(1) Peristeltic Pume Procedures 

Tne use or a variable-speed peristaltic Pump at its 
Minimun puwping rate made bs possible to filter the 
eroundwater as it was removed trom the PiezZzometer and to 
2ill the sample bottles directly. The mayor ions/nitrogen 
Species/bulk parameters sample was taken tirst, the metals 
Sample seconde 
(2) Triple-Tube Proceuure 

Tne high rate cot sample jischarzie from the triple-tube 


apparatus could not be accomnodateu by the tiltration 


apparatuse As a result, the Uischarge trom the trirfle-tuve 
wus directed into an acid—weaShedy l-t plastic bottle which 
was Kept Scaled when not receivinyg Sampl ee When a 


Suliicient volume was obtained, this water w&4S pumped 
through the riltretion apparatus into the appropriate 
Containers using the peristaltic PUumMpe The samples were 


Then preserveu, sealed anu transported to the MOE Laboratory 


as describeu abovees 
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@- Dissolved Oxygen 

water samples tor dissolve, Ooxyezen analysis were taken 
in triplicate in plastic, Su-ml, wax=-coated syringes. At 
the commencement oi the Proszranm, the analytical results from 
quadruplicate samples using plastic syringes were compa red 
with those from gas-tight glass syringes at two sampling 
points (Uto-2 and UWY=-2), No siyniticant ditterences were 
opservede Because they are Less trazgile and costly than the 
elass syringes, the plastic Syringes were theretore used for 
dissolveit oxygen samples throughout the study. 

Prior to Sampling, each syringe was connected by 
Silicone tuning to a tank ot organic-free nitrowen,y alushed 
two to three times to displace any residual oxygen, and 
Sealed with a needle impeddea in a minean stoppere When the 
peristaltic Pump was bein, uSady, the pumping rate was 
reduced to a minimum pbetore taking the sample where the 
triple-tune pump was used, the nitrogen pressure eas reduced 
immediately pbeitore the agischarzge step, then increaseu slowly 
to provide a miniamua rate ot sample deliverye For both 
methoas, tne remainaer of the procedure was iuentical, viz: 

le Remove stopperea neeuile irom syringee 
Qe Flush syringe twice with approximately 40 mt ot 
Zrounawater 


Je Fill syringe a third time with approximately 50 ml ot 


water 
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Holding syringe with tne needle end up, tap sides anu 
depress plunger to obtain 40 ml of bubble-iree 
Samplee Maintain positive pressure on plunger to 
avoid entry o1 atmcspheric OXY wene 
Aua Vew ml otf manganous sultate reagent by syringe 
anto the convex meniscus exposed at tip of Sample 
Syringee 
NOTe: Tne remainder of this procedure was carriei 
out Away ircm direct sunlizht and wearing rupdber 
gBloveSe | 
Add Uet ml ot alkaline iotiue/asize reagent, also by 
Syringzee 
Replace stoppered needle onto Sample syringee 
Invert fiiteen times to nix contents. 
Allow tuiloc to settle until it fills less than two 
thirds ot the sample volume. 
Kepeat Steps eight and ninee 
Remove stoppered needle and adu - Ved ml et sulturic 
acide 
NOTE: in the middle oi the Samplinz Frogwram, 
phosphoric acid was Substituted tor the sulturic 
aciuy poth because it is less corrosive, and tor 
better pd cortrol (Richards, Lyo0Y)e 


replace needle and mix contents by inverting syringe 


tiitteen timese 
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17 
loe Store sample on ice ior transport to the University 


of waterloo latoratory. 
The cnemical analysis consisted ot & Winkler titration 


(Stanuard Methods, Loet), incorporating moditications 


introuuced py Carpenter (1965) and Ricnards (1960). 


b- Dissolved Methane 

Samples were obtained in duplicate or (where recharge 
rates permitted) triplicate using gas-tignt glass syringes. 
The syringes were }repared vy tlushing with nitrogen vase 


Water was pumped into the syrinyzes in @ manner identical to 


That used for the dissolveu Oxyzen proceduree The syringe 
was tilled with Samples and emptieu twicee After the 
Syringe was filled a thiru time, water and bubnbles were 
expelled until 25 ml ot wpbupble-tree water remainede The 


Syrinze was then capped witn a stoppered needle ano stored 


Ou ice for transport pack to the lLaporatory» 


de Aaucous Isotopes 

Groundwater samples for tne analysis ot !380, deuterium 
(7H) and tritium (34) were taken in 40-ml_ polyethylene 
bottles directly irom the peristaltic pump or triple-tube 
outlet. Samples taken tor enricheit tritium analysis were 
obtuined in l-litre plastic bottlese All samples were 


sealeu tigntly with mininal heat Space and stored at room 


temperature until analysede 
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Analytical 


Chemical Parameter Laboratory 


APPENDIX B. Methods for the chemical analysis of groundwater samples. 


Summary of Analytical Procedure 


ee 


Total Organic Carbon UW 
(i.e. University 
of Waterloo) 


Chloride UW 


Purgeable Organic Compounds UW 


MTL 
(i.e., Mann 
Testing 
Laboratories) 


Purgeable Organic Compounds 


Extractable Organic Compounds UW 


Aqueous carbon analyzer employing 
UV and chemical oxidation (Dohrmann 
Carbon Analyzer, DC -80) 


Anion chromatography using a Dionex 
resin column 


1. Transfer sample using PTFE 
(i.e. Teflon R tubing and 
nitrogen gas pressure into 
sparging chamber of a UNACON 
Model 401 sample concentrator 
(Envirochem, Inc.; Kemblesville, PA) 

2. Analyze via the “purge-and-trap" 
technique using the UNACON concen- 
trator interfaced with an HP 5840A 
gas chromatograph and a 30-m 
DP-5 fused silica column 

3. Identify peaks using external 
standards; quantitate 
internal standard (para-fluoro- 
toluene) 

(Reference: United States Environ- 
mental Protection Agency Method 602 
for Purgeable Aromatic Compounds 
[Longbottom and Lichtenberg, 1982]. ) 


Analyze in a manner identical to method 
employed by UW (see above), employing 
an Envirocon Model 780B concentrator 
equipped with either a Superox (similar 
to Carbowax) or a DB-5 fused silica 
column and interfaced with a Finnigan 
3200 Mass Spectrometer. Internal 
Standard: deuterated chlorobenzene. 


1. Spike sample with internal standard 
(containing the following deuter- 
ated compounds: anthracene, 
napthalene, 2-nitrophenol, phenol) 
2. Extract with methylene chloride 
at pH 11 (Base/Neutral fraction) 
and pH 2 (Acid fraction). 
3. Dry extracts by passing them through 
a bed of anhydrous sodium sulfate. 
4. Concentrate extracts to 1 ml ona 
Kuderna-Danish concentrator 
5. Analyse by gas chromatography using 
external standards and a 30-m 
Carbowax fused silica column. 
(Reference: United States Environmental 
Protection Agency Method 625 for Base/ 
Neutral and Acid Compounds [Long- 
bottom and Lichtenberg, 1982]). 


Extractable Organic MTL Base/Neutral Fraction: Analyze by 


Compounds (Base/Neutral (using extracts chromatography/mass spectrometry. 
and Acid Fractions) obtained from Acid Fraction: Analyze by gas chroma- 
UW) toaraphy/mass spectrometry following 


derivatization (methylation) with 
diazomethane 


Polychlorinated Biphenyls _ MOE : 1. Extract sample with Organic solvent 
(PCBs) and Organochlorine (i.e., Ontario 2. Dry extract and concentrate to 1 ml 
Pesticides Ministry of the 3. Clean up and separate PCB and 


Environment) pesticide fractions by passage 
through a Florisil column 
4. Analyse by electron capture gas 
chromatography 
(References: Ministry of the Environ- 
ment [1981]; Longbottom and Lichten- 
berg (1982, Method 608]). 


Field pH, Temperature - See section 3, Appendix 
and Electrical Conductance 


pH (laboratory) MOE Measured with a pH electrode on a stirred 
aliquot of sample at room temperature. 
(Reference for al] analyses performed 
by the MOE, unless otherwise indi- 
cated: .Ministry of the Environment 


(1981]). 
Electrical Conductance MOE Measured with a conductivity meter 
(laboratory) Me ZC 
Hardness MOE Calculated as sum of calcium and 


magnesium concentrations (C. Lee, MOE, 
personal communication). 


Calcium MOE Atomic absorption spectroscopy 
Magnesium MOE Atomic absorption spectroscopy 
Sodium MOE Atomic absorption spectroscopy 
Potassium MOE Atomic absorption spectroscopy 
Chloride MOE Titration with silver nitrate 
Alkalinity MOE Titration with sulfuric acid 
Sulfate MOE Colorimetric analysis using barium 


chloride and methyl thymol blue 
with an Auto Analyser system. 


Fluoride MOE 1. Distill sample from sulphuric 
acid. 
2. Analyse colorimetrically with Auto 
Analyser after reaction with lan- 
thanum nitrate and Alizarin Blue. 


ei 


Filter sample 

2. Reduce nitrate to nitrite using 
hydrazine sulphate 

3. Diazotise nitrite with sulphanila- 
mide and N (l-naphthyl) ethylene- 
diamine hydrochloride 

4. Analyse using an Auto Analyser 
system. 

5. Subtract concentration of nitrite 

measured by above procedure, with- 

out the hydrazine sulphate reduc- 

tion (step 2). 


Nitrate MOE 
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Nitrite 


Kjeldahl Nitrogen 


Ammonia 


Dissolved Organic Carbon 


Iron (total) 


Manganese 


Boron 
Cadmium 
Chromium 
Copper 
Nickel 
Lead 
Zinc 


Arsenic 


Selenium 


Dissolved Oxygen 


Dissolved Methane 


Aqueous Isotopes 
Oxygen-18 
Deuterium 

Tritium (direct) 
Tritium (enriched) 


MOE 


MOE 


MOE 


MOE 


MOE 


MOE 


MOE 


MOE 


MOE 


UW 


UW 


UW 


Procedure identical to that for 


nitrate, without the hydrazine 
Sulfate reduction (step 2) 


1. Digest sample with sulphuric 
acid, mercuric oxide and potassium 
Sulphate. 

2. Analyze colorimetrically by the 
alkaline phenol-hypochlorite 
method adapted to an Auto Analyser 
system. 


Filter sample and analyze colorimetrically 
by the alkaline phenol-hypochlorite method 
adapted to an Auto Analyser system. 


1. Remove inorganic carbon and oxidize 
analyte in an ultraviolet digestor 
using an acid-persulphate medium. 

2. Pass evolved carbon dioxide through 
a gas permeable membrane into a 
weakly buffered, alkaline phenol- 
phthalein solution. 

3. Measure decrease in absorbance of 
phenolphthalein solution resulting 
from the presence of carbon dioxide. 


Acid digestion followed by atomic absorp- 
tion spectroscopy. 


Acid digestion followed by atomic absorp- 
tion spectroscopy. 


1. Twenty-fold preconcentration by boil- 
ing in presence of concentrated 
nitric acid. 

2. Analyze by Inductively coupled plasma 
atomic emission spectroscopy (B. 
Loescher, MOE, personal communication). 


1. Digestion in nitric acid/sulfuric 
acid solution overnight at 130°C. 

2. Analyze by automated hydride genera- 
tion atomic absorption spectroscopy. 
(B. Loescher, MOE, personal comm.). 


1. Digestion in nitric acid/sulfuric 
acid solution overnight at 130°C. 

2. Analyze by automated hydride genera- 
tion atomic absorption spectroscopy. 
(B. Loescher, MOE, personal comm.). 


Winkler titration, modified for use with 
a 50-ml syringe (see section g of 
Appendix for details of method). 


Partition methane into an inert gas 
(helium) and analyze with a gas parti- 
tioner (Reference: Barker, 1979). 


Mass Spectrometry 
(Reference: Hoefs, 1973). 
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APPENDIX C. 


Results of Routine Chemical Analyses - Inorganic and Volatile Organic 
Parameters, Environmental Isotopes and Dissolved Gases 


Symbols Used 


° - Approximate Value; 
Analytical Interference 


? - Unrealiable or Questionable Analysis 
NA - Not Analysed 


< - Less Than Detection Limit 


Not Detected; Less Than 0.05 mg/1 usually 
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SAMvoihs PCINIT: INCRGANIC ELANKS 


av i 

Samgplang uate: V4710/83 31/10/33 
PLEL by DATA (Acter (AIter 
---------- UR9=2) Ue2Z-1) 

tea, (-) NB NA 

Ea (mv) NA NA 

ra NA Na 

conus (US) NA NA 


bab Jala 


je 5 AS) 6.93 
conde (uS) Gare) 4.30 
hardness (cCacC3) Was Zan 
Ca (mg/l) <Ojens 6S) 
tig ule hy) PIO) 
Na <Old <a 
K els OS Cio Ws: 
eat <O20 Se 2 
WKera as CacGs Zens 4o4 
So4 <O <a ans 
F Or oM 90.01 
NO3, as N 05 4 <i0rent 
NU2, aS N 6059) 1 <Oi0n 
Kjeld. N, as N Ore 0.6 
Hii Siparacse N <Q 0.2 
NS NA NA 

DLS NA Qs 3} 
re GO. 16 Qs26 
ema tcOt) CSOT (OHA Oyo} ¢/ 
An VS OOS <0.C02 
As SOO <0.C01 
eel <02 005 5 OOS) 
Cr SOS 25 SOG GOS 
Cu ve 008 <Oe0US 
Ni ve 00 <<10)5 ios: 
PL SOS Sh) <0. 030 
Se OVS ONG} i065 ON: 


20 0.033 0.011 


SAME LNs POT NI 
Sampling date: 
FIELD LATA 

temp (C) 

Eh (mV) 


(uS) 


conde (uS) 
hardness (CaCC3) 
Ca (myj/l) 

Ng 

Na 

K 

Ci 
iINEISS A 
SCs 

F 
NO3, as N 
NO2, aS N 
Kjeld. N, 
as N 


as CaCcCo3 


as N 


Zn 


cenzene 
toluene 
chlorobenzene 
ethylbenzene 


p-xylene 
o-xylene 
cumene 
1,2,4-IMB 
Dapthalene 
AQUEOUS ILSOTCPES 
Sa@piing Date: 
velta Ct-138 
Delta H-2 
NicskeswiNy (OUEWEN 


30709782 UU yee 
S22 NA 
-79 NA 

oye fo) 2 NA 
NA NA 

Wea Svy/ Ha Be) 
698) 9320 
1389 2¢S56 
412.0 810.0 
7/5) 164.0 
1000 990.0 
152210 1602.0 
To5z 1535) 
134E UShRS 
NA 1775 
0.03 hes 7h) 
Oe 2 <0 
0.02 <Oes0n 
W250) eI A5) 
sso, © 146.9 
oz luv 

NA NA 
0.690 0.93 
Oa Zoo ao @7/ 
0.049 U2 014 
<0.030 <0. 030 
C.0008 <0.002 
OSS 0.020 
0.045 1) (0) 7/6 
Qe WAS! 0. 028 
OR 055 0.050 
<<(0)5 C)Sh0) <0. 030 
AO US! OsOn0 

3G/70S7a2 17/11782 
400 1200 
Na NA 

1Z/0S7c3 12/057 83 
(A) (=) 

Vey 3 26 low 
Oe SS Oe SISY 
5 0) a7 O5 Olt 
0.008 0-10 
0.920 Veszoo 
C2460 SES 
MOS 0. 100 
OmiOZat Oo427 
OS O 7% 1S 6 P/0) 

VWOJOOASA WZ W WAS 

-10.0 -10.1 
NA NA 
120 109 


Un 1-2 
IS7US/ S5mie7osieS 
Ties 22a 
NA NA 
6.25 6s 01S 
€ 300 5500 
6.90 Cremvac 
$050 965C 
2782 3390 
830.0 1000 
VHS 2DNYa S 
9€0.0 105¢ 
teanO oi eS 
US\a 1900 
UME 1405 
1900 ishe/s) 
0.59 Ono 
<cQeyt OrerZ 
<0.01 0.04 
HEV O9)S610) 
129.0 142.0 
S065 Y 104 
BAAS EO 200.0 
S15 0) in ZC 
0.036 0535 
0.034 0.9075 
0.001 0.002 
Ole Ois 0.0009 
<0.050 OE OOS 
Ore07 14 Oe OMT 
0.040 Oe Ope 
0.096 0.005 
<0.001 Bes Oe) 7, 
<< OS 10) 10) Ose Omke 
O57 007835 12709782 
370 460 
ND ND 
13/05/63 
“9.9 
-61 
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SAMPLING PCINT: 


Sampliny date: 


PLEED) CATA 
te@p (Cc) 
Eh (mV) 
pH 
cond. (uS) 

LAd DATA 
pH 


cond. (uS) 


harcaness (CacC3) 


Kjeld. N, as N 


Zn 


Sampling Date: 
CHY 
C2 


mm a a a a a a ae ew ow = oo a we a ee a we a a we = we ee eo a we ee a = oe ee ee 


— eww mem ee 
-<——--—- — es 
os a a a a a a we a oe oe se 


13/09/83 14/09/33 


awe ee ee 


NA 1€.0 
hA NA 
NA 6.45 
NA 1S$00 


6.43 
72000 
25100 
6440 
zz00 


wee wm wm mem ww ew em oe oe oe ew ee ee ee 1 ee ee ee LL 


14/09/83 


190 
ND 


PURGEABLE CFGANICS 


SaBpling Date: 
benzene 
toiuene 
colorobenzene 
ethylbenzene 
p-xylene 
o- xylene 
cumene 
1,2,4-TM3B 
Naptnalene 


12/05/83 


1.4609 
Zaous 
OS 277 
0.409 
0.434 
0.695 
0.659 


SAMPLING POINT: Uw 1-3 


Sampling aate: 30/09/82 02/11/82 13/05/83 22705783 

FIELUV DATA 
temp (C) NA NA 11.0 lo. = 
En (mV) > 1S NA NA Ties 
pil 6.64 NA 6.45 NA 
conde (uS) NA NA 32000 15300C 

LAE DATA 
pa 7.16 7.71 7250 7.02 
conde (uS) 21300 21940 3970 30600 
mardness (CaCc03) 6598 5138 1) 2SS7 NA 
Ca (9/1) 1845 1390 3300 NA 
Mg 485.C 406.0 1050 NA 
Na 2700 260 55:09 3700 
K 56.0 60.0 87.50 len0 
Cr 7910 6204 14530 11000 
MntgasmGac ca seit 114.8 UZZ 234.0 
S04 NA 1500 SO}OES 10) 1500 
re O56 7/3) O55 lB 3/@) 10) 55) 
NO3, aS N O52 <Oen S05 4 5 2 
NU2Z, as N SO) (0) 0.03 C.02 WA Os 
Kjeld. N, as kK GENES) Na NA Ole 2 
NH3, as N 96.8 Uo@ 11.4 C58 
TOS MGs Fao tl AAS 9.4 
DCC NA NA NA 2060 
EB 35 5\0) 3.60 4.40 1.80 
Fe (tot) 0.062 Oe 0.082 0.089 
Mo OS UE@, OS We 1.80 Os 3h0 
As 0.050 0.040 \O) 5 (Okey OO) 77 
Cd 0.000 <0.002 J-016 <OeOlOS 
(Ge We V2 7 0.020 Oeci2 0.038 
Cu 0.076 O. 110 0.280 Vere 
Ni Os Ci05 0.0U5 OSO32 5 0) 9) 
Pb Oe wake) 0. 050 0.090 <0.030 
Se <Ge03'0 <0. 030 0.C01 0.001 
zo 0.034 ‘5 Oa) 7) 0.026 0.120 

DISSOLVED GASES 

Sampling Date: 30709782 05711782 07/07/83 22/09/83 
Ch4 370 310 ND 160 
Cz NA NA ND NC 
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Sampling Date: 197071733 22705783 
renrzene 0.063 @)5 site} 
toluene acon 3a39 5 
Cniorobenzene SS == 
etnylrenzene 1.332 0. 303 
p-xylene 0.915 0. 5U8 
o-xylene OK SAP 0.225 
cumene -- == 
1,2,4-IM5 Oey abe 0. 262 
Naptaalene es WA 0. €30 
AQUEOUS ISCICFES 
Sa pling Date: JOZOI Ase DAA WASA WAV 73) 207 Gls) 
Delta 0-18 =—Ja9 -9.¥ -9.4 
Delta H-2 NA NA -71 


Igelicoltlin, (eS Ie) ND 21 ND 3 (1) 
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SAMPLING PCIAST: Vie 1-5 


were w= @ & @ on ow oe ee 
me a a ae a ae a ee = ee a ee Le 


Sappling date: 


FIELD CATA 
temp (C) 
E (mV) 
pH 
Gone (us) 
LAE DATA 
pd 


conde (uS) 
hardness (CacC3) 
Ca (aj/l) 


NO2, aS N 
Kjeld. N, as N 
NH3, aS N 

2 HOKe 


Fe (tot) 


DISSULVEY GASES 


— oe ww ow ae em oe we ae we ee = we wwe oe ee ee eee ee oe ee ew eo = ae ee ae ee = we = a = Se a = we ew a = ow ow oe = we oe oe ee = 


Sa nplng, Dates 
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benzene 
toluene 
chlorobenzene 
ethylbenzene 
p-xylene 
o-xylene 
cumene 
1,2,4-IM23 
Rapthalene 
BQUEUUS LSOICEES 


we ewe @ @ oo wm ow ow ow oe = wee eee eae we ww ae ew ew ee ewe we = ee ee ee 


Sampling Date: 17/08/33 
Delta C-138 =J.3 
Deita H-2 -cé 


Siyesiveouwyay (lS) 40 


SAMPLING PCINT: UK 1-6 
Rep mates Bee ik ae ee ESE 
Peel De LAD A 


Eh (mV) 


conde (uS) 

LAE DATA 
PH 
conde (uS) 
mardness (Cac03) 
Same (ng 71) 


NO2, as N 
Kjeld. N, as N 
NH3, as N 

LOG 

oyere 


Fe (tot) 


Zo 
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benzene 
toluene 
chlorobenzene 
etaylbrenzene 


p-xylene 
o-xylene 
cumene 
172,,4-T43 
Gapthalene 
AQGUEGUS ISOTOPES 


Sagpling Date: 17798723 
beltasO— 13 =o 5 
Deita H-2 F/M 


MGenrealwlin, (Ur owis)) ND 


SAMPLING PCINT: UW 2-1 


Sampling date: US7ANZ 32 17711782 

FIELD DATA 
temp (C) 18.0 
Eh (mV) +33 
pH 6.73 
conde. (uS) NA 

LAB DAla 
pH Tes 2 7.219 
GONMs mus) 4327 4108 
hardness (CacC3) 1334 1185 
Ca (By/1) Zier shes 10) 530s) 
Mg 104.9 86.0 
Na 340.0 ASS (0) 
K 24.0 Vo 
Elk 471.6 576.4 
Alco as! Gace 543.4 52 Je10 
Ssc4 NA 1030 
F 0.44 0.45 
NO3, as N <0. 1 <0. 1 
NOz, aS N <SOSOM 10) 610)! 
Kjela. S, as N TSO 212.4 
NH3, as N 5 ©) ecu 
Toc 36 S52 
Doc hA NA 
E 1.80 22 80 
Bem (tot) 0.910 On 
an ISAC Va830 
As <0.030 <0. 030 
cd 0.001 <0.002 
CLE (310) 1 2 0.016 
Cu 0.042 0. 049 
Ni 0.010 0.011 
Pb 0.927 0.035 
Se <0 8/0 <1) 6 Osho 
Zn O14 VAY) 0.002 

DISSOLVEL GASES 

Sampling Date: 05/10/82 17/11/82 
CHY 240 440d 
C2 NA NA 
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toluene 
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p-xylene 
o-xylene 
Cumene 
1,2, 4-TMB 
Dapthalene 
AQUEOUS ISOTOPES 
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SAMPLING POINT: i pa. 


ee ee eae Seema sass Wl spe ss sem as We ceo cos 


Sampling dates; 13705783 14705783 157CS733 15709783 
FIELD DA1A Cell.Ac. foots 
ae aes Filter Filter 
temp (C) 10.5 Use NA NA 
Eb (av) NA NA NA NA 
EH 6.65 6.70 NA NA 
cond. ({uS) 3950 NA NA NA 
LAE DATA 
pH Te AA 0.85 Ge75 6.85 
coud. (uS) 5650 53800 53800 5800 
hardness (Cac03) BIL PEY 2221 224) 2296 
Ca (mg/l) 600.0 600.0 590.0 620.0 
Mg HAS 5) 760 167.9 1382.0 
Na Sica Onl Sie iS) 7a5\5 (0 3) Si; 10) 
K Ais 2S Tigi iveoS Wel, © 
el! 1080 949.0 862.0 888.0 
helikrer, (aS -CaGcs NA 445.0 427.8 444.6 
SO4 1588 1738 1800 1812 
F OenS 0.70 0.73 On 2 
NO3, as N Olena <Oeet <051 <ul 
NO2, as N 0.02 <0.01 <0.01 SDS (0) 9) 
Kjeld. N, as N V5 1 4.8 5.0 Set 
NHSy, "as =N U5 s\5 2% Pe 5S 
TOG 42.4 S}i5©) NA NA 
voc 2 i SIG 14.6 14.9 
E PS MG) A is\(0) 2.80 NA 
Be (tor) 0.002 507 (6) 5 (0) 3 0.08 
Mn Caio OS We O50) Ws Woes 
As <0.001 <0.901 <0.001 
Cd <0.010 02-0005 <0.0002 
SE <0.050 0.005 0.004 
cu 0.060 Oh Oa O50)5 
Ni Cs028 0.006 0.003 
Pb <0.060 0.004 <0.003 
Se 0.002 <0.001 <0.001 
Zn <0.010 0.00% 0.008 
DISSULVED GASES 
Sagpling Date: 05/07/83 15/09/83 
CH4 130 180 
C2 ND ND 
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Sagpling Date; 14/09/33 14/09/33 
benzene O5055 Ne LAY 
toluene 0.022 0. C26 
chlorobenzene oS =< 
ethylbeazene 0.002 0.019 
p-xylene 0.030 0.032 
o- xylene 0510) to 02003 
cumene == — 
1,2,4-THB 0.036 OK Oe 
tapthalene Osun —— 

AQUEOUS ISOTOPES 

Sampling Date: 13705723 
Delta 0-18 -G.4 
Delta H-2 -60 
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SAMPLING POINT: Dee 


ee eS erie aes nee <n Sey esse 
OS A A a YS nan a A seme a> ae casas 
wm wm em ee oe ee 


Sampling date: 14705783 

FIELD DATA 
tem; (Cc) FeO) 
Ea (nV) NA 
pH be 45 
cond. (uS) NA 

LAB DATA 
pd 6.74 
cond. (uS) 7000 
hardness (Cac03) 2640 
Ca (mg/l) TOS © 
Mg Uh P/e,'S) 
Na 740.0 
K 3) 15 SH0, 
el 1299 
Alivel as Caccs $38.6 
SO4 125 
i Os9nI 
NO3, as N << (05, 3 
NC2, as N <0.01 
Kjeld. N, as N LEAS 
NE3, as N VI/56 
TOE B53) 
coc 31250 
B 32150 
Fe (tot) 0.15 
Mn OR Tale) 
As 0.001 
Cd 0.0004 
(Qe 0.U008 
cu 0.016 
Ni 0.005 
Pb <0510.03 
Se <0.0U1 
Zn 0.003 

DISSOLVED GASES 

SaBpiinyg Date: 1570$763 
CHY nehe) 
C2 ND 


meee a a a a a a a a a a a a a ae a a a a a a a ww ae we oe a = es oe es ee 


ee a a a a a a a we Sa a = a a ee ee ee oe = 


Sam,linj Date: 1Wy0S/783 14/06/83 

ce Re eee (A) (E) 
beuzene Oa 39 OR So 
toluene Ole Sh 7/e 5 37/2) 
chiorovenzene = —— 
etnyllLenzene Cs0ss 0.016 
b-xylene 0.094 0.074 
o-xylene 0.045 0.035 
Cumene == SS 
1,2,4-TIMB 0.052 0.042 
hapthalene 0.005 0.059 

AQUEOUS ISOICFES 

SaBpling Date: 14709/83 
Delta 0-18 6 5 
Delta A-2 -67 


Pea tius (1. 0.) 69 


Ceyeurer CAveoyset 
ab) gat 
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oS ay Ot 206 
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sek this 
is aaa = ee oe er GS -o= ene 
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SAMPLING PCINT: Uk 2-3 


www wm ae ae eK a ee 
a a a ae ae a ae a a a ee a ee ee 


Sampling date: 18/08733 24/08/83 20/09/83 
PEL D) CALA 
temp (C) NA NA FAS (0) 
Eb (mV) NA NA NA 
pH NA NA 6.45 
cond. (uS) NA NA NA 
LAE DATA 
pH 6.70 NA 6.66 
COmden (us) 1Z4000 NA 131C00 
hardness (CacCC3) £1474 NA Sys! 7/6) (0) 
Ca (mg/l) 12809 NA 15200 
MJ 4750 NA 5050 
Na 19000 NA 20800 
K ANUS NA 324.0 
cL 65300 N2 70000 
INS OD eS jhe Veale NA 119.4 
SU4 880.0 NA 3} SS) 10) 
F NA NA NA 
NO3 <0 4 NA SOS 1 
NU2, aS N 610) 2 NA C08 
Kjeld. N, as N NA NA NA 
NH3, as N 42.6 NA 41.4 
Toc 98.6 2523 84.2 
Doc BAIS 0) NA 930.0 
E 4.70 NA 
Fe (tct) 0.20 Oa 3/20 
Mn is Se 0.920 
AS <0.001 <0. 001 
Cd NA <0.002 
Cr NA WG (GOS; 
Cu NA 0.670 
Ni NA 5 COW 
Pb Na 0.041 
Se NA <0.001 
cu NA 02 150 
DISSOLV£D GASES 
Sampling Date: O87 7 82 245708785) 207087383 
ChY 050 NA 40 
G2 Na NO ND 


wm eee ewe ee we ew ew = me a a ae a ee a ss ee ee a oe oe ee a ee ee ee ee ee 


Sampling Date: 1S7057 £3. 1875793 
benzene Faro) WS lees 
toluene SASS) Dg ehshs) 
Colorobenzene Os039 0.031 
ethylbenzene G5 ZS! 0.204 
p-xylene OL 770 Oe oo 
o-aylene es Chis! 2' OS Zsh7/ 
Ccumene GAO 0.009 
1,2, 4-TMB Oesseint 0.268 
Napthalene == 0.306 

AQUEOUS DPSCIVCERS 

Sabypling Date: 17/06/33 
belta C-18 Si 7, 

Delta A= 2 -70 
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SAMPLING PCINT: Uw 2-5 


Sappling date: 


FIELD CATA 
temp (C) 
Eh (mV) 
pH 
cond. (uS) 

LAE DATA 
pH 


cond. (uS) 
hatdness (CaC03) 


IWUSS A ES (GEVRGs 
SO4¥ 
F 
NO3, as N 
NO2, aS N 
Kjeld. N, as N 
NH3, as N 
LOW 
DOC 
E 
Fe (tot) 
An 
As 
Cd 
(Gis 
Cu 
Ni 
FL 
Se 
Zn 
DISSOLVED sASES 


ee we a a we we a oe oe = — ee a a am me a a a a oe a ae es eS ewe ee on oe ee ee ee ee oo ee ee 


— ow wee we oe ee ee 


chlorobenzene 
ethylcenzene 
p-xylene 
o- xylene 
cumene 
A pi lfel 
Naptualene 

AO UE GU Sen OG Fis 


saf@pling Date; 10/03/33 
Leita C-18 -6.7 
Delta H-2 S85 


Teriatanuime (ls U's)) 52 


SAMPLING PCINT: 


Sampling date: 
PRELD CALA 
temp (C) 
Eh (pV) 
pd 
cond. 
LAo DATA 


(uS) 


cond. (uS) 


hardness (CaCC3) 


Camn(ms/7 15) 


Kjela. N, as N 
No3, as N 

Toc 
coc 
B 
Fe 


Mn 


(tot) 


Zn 


wee ww we ae oe 


12/09/83 


NA 
NA 


ee See © e ee 2 eee @ eee ow es we ee eee -—-<—-—~—— 
_- —-<-=— _ 


me wm me a a a a a a a a a a a a a ae a ee es a a a es a a awe ae ee ee ee ee ee ee 


benzene 
toluene 
chlorobenzene 
ethylpenzene 
p-xylene 
o- xylene 
cumeic 
1,2,4-243 
haptoaleue 
AQUEOUS ISOTCPES 
SaGpling Date: 
Delta 0-15 
Delta H-2 
Meal vesunum {SCARY 


1 SyV/A0) yess 
(A) 
0.898 
Wa Ya 


0.222 


1370 3733 
(8) 
Vs OZ 
1.041 


Oa Wy 


0.547 
Oe Sey/ 


awe ewe eee ee we oe ww = ow ee nw ww oe m= = oe we oe ee eee nn 


13/06/33 
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SAMPLING PCLNT: Uw 3-3 


SSE Se ee ee eres: sen ae es oe a Sas scm ~~ — =e - 


Sampiicg uate; 06/10/82 13/05/83 14709783 
PRELDS CATA 
temp (Cc) UE) Ue) 
Eh (mV) +1o NA 
pH 6.26 Ve ars 
cond. (uS) NA 6100 
LAS DAiaA 
pH 5.07) Waa’ 0.85 
coud. (uS) 41100 10 800 60000 
haraness (Cac03) 11862 2516 17903 
Ca (mg/i) 3659 695.0 4950 
Mg 670.0 190.0 1350 
Na 6125 1450 8100 
K 1860 USS P3105 0 
opt 17590 2314 25000 
ike als Cele@s Gooner NA 276.6 
SOo4 NA 1600 1350 
12 NA 0.64 NA 
NO3, aS N = 1] (he, % es) 
NOZ, as N OS0Z 0.02 0.03 
Kjeld. N, as N 034.0 49.0 NA 
NH3, as N 35, 0 45.0 B2e4 
TOC 65 100 80.2 
DUC NA 295 
B Os 57 4.0 
Fe (tot) 0.230 Ole 2/5 
Mn 0.20 5 Sires, 
As <S050130 6106 O07, 
Cd 0.0016 0.013 
CE 0.099 Ws OA 
Cu Gene.0 0.082 
Ni 0.023 Je 036 
PL CaOS7 0.062 
Se <0.030 0. 001 
Zn Ce04U <0.010 
DRSSOUVS ba aA Se S 
Satyling Dates: Ooy10/32 05/07/83 21/09/83 
CHS 30 130 130 
O2 NA ND ND 


PURGEAELE ORGANICS 


mem nN nm wm em Bem FM OR ee em em eM mM RH em em em ew em ew Ke oe ow ee ee LL 


Sampling Date: US AO dase WeyAOS Ais} aSyOSyAcis! 4/570) 2) ass 
a me (A) (ust 2107 S) (S297) 
Lenzene C.847 0.417 0.910 OsioZ10 
toluene 22948 Dey PS Zelog 0.812 
chlorobenzene == — == a 
ethylbenzene So (alee Oe28 0.149 0.143 

p-x;,lene Pic 3) I ish Oa339 Oh Sith 2 0.424 
o- xylene joi 0. 231 Oley 132 0.242 
cumene Se OS009 0.006 eo si 
1,2,4-THB 0.136 Oey 0.160 0.186 
Dapthalene 0.104 0.120 0.546 == 
AQUEOUS ISOTOPES 
Sapling Date: Oe VO7Ze4 WS 7VsyAss: 
Celta G-18 = Siac ioe 
Delta H-2 NA =601 


piel: tesa (7 «: U's.) 30 114 
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SAMPLING POINT: 


Sampling aate: 0€/10/782 

LOA LPOP LDL ah Opes 
temp (C) U2G8 
En (mV) +16 
pH 6.4& 
Conde, /(u'S) NA 

LAB DATA 
ph 6.94 
COnden (US) 51000 
hardness (CaCc0O3) 12109 
Ca (ny/1l) IAS 
Mg 745.0 
Na 7400 
K 154.04 
(et 19000 
MUS 4 eS (CEVCics SW/BS 6) 
SO4¥ NA 
8 Na 
NGS arse oN <0. 1 
NUZ, as N 0.02 
Kjela. h, as N Os'3 
NH3, as N 034.5 
TOS 34 
Duc NA 
B Lene) 
Fe (tot) 1.40 
Mn ey 2 TAG) 
IS <0. 030 
cd: 5 OI) 
Cr 0.035 
Cu ago 
Ni 0.010 
Pb 0.954 
Se <0.930 
oui 0.022 

DISSULVED GASES 

Sawpliny Date: 06/10/82 
CHY 740 
C2 NA 


13/09/83 


ae wwe ee ae a ae = ee ee oe on = oe = ee ee a ee ee ow oe oe oe oe ee a = a ae we ee a a Se a we = ee = ee = ee ee ss ee ee 


SaMpling Date: NAO HAS 

~------------ (A) 
Lenzene Do UZ 
toluene 6 2 
chlorobenzene =< 
etnylbenzene Aye, FES) 1, 
p-xylene V2 
o-xylene 02498 
cumene Se 
Upcs pli oats 0.160 
Dapthalene | 0.014 

AQUEOUS 1SOTEPES 

Sam,»ling Date: 06/10/32 
Delta 0-12 —G.b 
pYevee Gz NA 
Treatwvume (1. U5) NA 


UW3-4 
17711782 13/05/83 13709783 
NA 15.0 224.0 
NA NA NA 
NA 6.15 6.50 
NA 46000 NA 
7.08 2510 6.68 
42300 56200 66000 
12641 19415 20632 
3550 5350 5700 
920.0 1475 1560 
9400 7750 9100 
150.0 162.5 159.0 
16550 21809 27600 
Soto 327.4 26504 
1357 1400 2700 
NA 0.60 NA 
aa <0. 1 Oss 
<0.01 0.02 0.02 
22455 NA NA 
44.0 34.5 26.6 
23 3352 95.4 
NA NA Na 
5s 20 5.60 Toe 
Os17 0.4890 Ga2s 
0.194 0.680 0.335 
<0. 030 9.001 <0.001 
Os002 0.014 0.003 
0.033 GL072 0.026 
OFT76 0.380 0.369 
0.010 0.024 0.009 
0.035 <0.060 <0.039 
<0. 030 0.001 <0.001 
0.010 0. 082 0.042 
T7711782 30711787 07707783 
1000 329 2600 
NA NA ND 
19/07/63 13/CS/83 13/09/83 
(E) (A) (B) 
0.970 e210 Ts6 5 
Oea?rt -260 0.424 
0. 736 0.050 0.080 ° 
0. 036 0.191 05353 
Uei2g5 0.074 Oe ee 
-- De 633 0.040 
ea 0.084 G2 129 
0.089 -- -- 
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SAMPLING PCLNT: ALEION MILL POND (U&30-1) 


we en ae we eel 
_—_—_—_—— ee ae wm me on oe oe ee ee ee 


Sampling date: 16/05/83 11/10/83 

PLELOP DAWA 
temp (C) 14.0 NA 
Eu (av) NA NA 
FH 8.0 NA 
conde (uS) 1059 NA 

LAE DATA 
PH V5 IE U5 He) 
Conde {US) Zecs) 1600 
hardness (CacC3) 456.3 668.0 
Ca (mg/l) lZ265 UES © 
Mg Sie; SW) Se (0) 
Na 85.0 100.0 
K Sy Si, T1050 
eat 134.8 146.6 
AK, as Caces NA 224.6 
So4 ADI © 420.0 
12 0.50 Oe 7s 
NO3, as N le 5 1.0 
NO2Z, aS N 0.04 0523 
Kjeld. N, as N Jae 7 Wate 
NE3, aS N Oa 0.7 
HOKE a5 7 NA 
Doc VZe3 55 5) 
Ig 0.206 Ae 
Fe (tot) <0.050 0.05 
Mn 0.110 0.140 
As <Os 001 <0.001 
Cd OS 10) 110) 0.0007 
Cr <0.050 0.002 
Cu <0.019 0.003 
Ni 0.018 0.003 
Pb <0.060 0.015 
Se GOs Oct <OlenOON 
Zu <<(0) 520) 1119) 0.001 

DISSOLVcct GASES 

Sampling Date; 29/06/83 
CHy ND 
o2 2.0 


ow wm ow we ee ee oe ee ee ee ee ee eo on = oe oe ee oe ow = eo oo a a a = ee a ee a ae ae a a = a a a a ee ee a a we ee 


PUBSEAGLE ObGANICS 
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Sapling Late: 117 10783 
ceuzene DE Oss 
toluene 0.079 
chlorobenzene —— 
ethylbenzene 0.021 
p-xylene C2020 
o- xylene == 
cumene == 
1,2,4-188 Os 0ns 
Rapthaiene 0.005 

AQUEUUS iSOUICFES 

Sampling Date: 10/05/83 
Delta C-15 =e) 
Reltaen= ayy, 
Leijesoyn (EAS) fe) 


_ 
: 
; * sams 8 a ae 
Gos _ : = 7 : iis | Acs 
. Sd 
-_ - 
le 
° 54,7 
mary 
oaace 
i 
7 
vane? ~ ae 
hat 06 is 
oer orbs 
- ib of 
ne fee 
ba? cas 
na ae 
a _) 
tA i= 
al 
ry ae a 
ior 48 ne? a 
new OD rer Ae 
<8 68 oes! 
Lae oe ge wee 
i aa 
=~ i= Te | 
Sie bo, 
Ora 2a 4 
ot ve _@s 
>= ee ae ed [ee = >| =a = 
- bdo 'NVes 
78 
bs = ——— eS as ere te 
Veqter¢? 
its A 
“5.8 
seus 
~~ 
s* 9.8 
Te" 4m 
—— al —_ _ ee a > 6 SS Cas 
OL er s 
: 7 ay 
Ww 


SASPiINs POINT: ALEION FALLS SEEPS (Uw31-1) 


Sampling date: 16705783 

FIELD CATA 
temp (C) NA 
Eh (mV) NA 
pd NA 
cond. (uS) NA 

LAE DATA 
pd vos 
reeinel (busy) 2920 
hardness (Cac03) 691.3 
Ca (ng/1) WWG6s5 
MJ 49.0 
Na S750) 
K 5 7/5) 
ask 669.0 
IU An CRS. (GEVEIES! NA 
So4 lets 
1g 0.43 
NO3, as N Ola S 
NO2, as N 0.03 
Kjeld. N, as N Ua 
NH3, as N 0.4 
TGs 22.4 
DUC 3.0 
E 0.26 
Foner tox) <0.050 
Mn C2440 
As SOOO 
Cd <0.010 
fE5s <5 050) 
Cu <0.010 
Ni <0.010 
PL <0.0600 
Se <0.001 
Zh O50 AH 


a me we we we ee ae ae ae ae we ae ae ee wae ae ae a a a we we ew ee ew a we ae a = a we www oe we a we ww we ew ew os oe oe ee 


Sampling Date: 11710783 
benzene 0.089 
toluene OA WAS) 
chlorobenzene 25 
ethyloenzene 0.030 
p-xylene 0.048 
o-xylene = 
cumene oS 
1,2,4-1M3 -- 
Napthalene oe 

Ree Crier ge ae ool pe Ee oe EN ee 

Sampling Date: 16/05/33 
Delta o-18 —-b.58 
Deita H-2 ar 


Teitaum (T.U.) 100 


6 Se — a eaGne 


ae 
ie 
Ch Fok 
ed 


SAMPLING FCIAT: Uw 4-1 


Sa@Gpliny aate: 


“FIzLD CATA 
temp (C) 
Eh (mV) 
pd 
conde (uS) 

LAb DATA 
pi 


Condens (US) 
hardness (CaCc03) 
ca (mg/l) 


— we wee = oe eee ee ee = ee 


Satpling Date: 09711/33 
benzene 0.504 
toluene Pay NAPE 
chlorobenzene 0.104 
etaylcenzene 0.436 
p-xylene Tea 
o-xylene OS O4s 
cumene ae 
Un AR USavielye! 0.401 


napthalene Da 3S 


en 


iw _ 
> ay Gee 2 ee & 4682 ee es aan 2S ae 
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SAMPLING POINT: Uwu-2 


Sampling date: 


Flzlo DATA 
temp (vc) 
Enh (nV) 
PH 
conde (uS) 

LAB OATA 
FH 


COnidesw (iu) 
hardness (CaCC3) 
Ca (ay/1) 

Ag 

Na 

K 

(eri 

ALK otaseGaGus 
SO4 

F 

NU3, aS N 

NO2, as N 
Kjela. N, as N 
NH3, as N 

Toc 

BOc 

B 

Fe (tot) 

Mn 

AS 

Cd 

Gr 


we me we ee ee a ae ae ae ae a a a a = ae = oe we = = = ee ee a = a a a a a a a a ae ww ww Sm ow ow ee ew oe woe we ee ee 


Sampling Date: 0S/11/&3 06/711/783 

Sota = aor (A) (E) 
benzene BUS a Page Vi lo 
toluene Teo? Sh SiOKo) 
Chiorobenzene -- SS 
etnyloenzene 0.139 V5 sls) 
p-xylene 0.3690 0.900 
o-xylene 0.001 5 Ai7/ 
Cumene a == 
1,2,4-Tii5 025 0. 340 


Naptnalene Gent 0.231 
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SAMPLING PCiN1: Uw 4-3 
Bepeomeeiate Oa ee 
FIELD CATA 
temp (C) 
Eh (mV) 
DH 
SOMCIS  {ADES)) 
LAE DATA 


——<——- - — 


conde. (uS) 
hardness (Cac03) 
Ca (mg/l) 

MJ 

Na 

K 

ik 

MEK la smea ces 
SO4 

Me 

NO3, as WN 

Nw ear SiN 
Kjeld. N, as N 
NH3, as N 

Toe 

DOC 


bs 
Bem(tot) 
Au 
AS 
Cd 
GE 
Cu 
Ni 
Pb 
Se 
Zn 
PURGEAELE ORGANICS 


—ee ee eee ee ee ew ae ew ee a we a = = ee a = ee ee oe ee ee 


SabBpiiug Date: 09/11/83 
benzene De Nhs) 
toluene 3.194 
chlorobenzeue 0.143 
etnylvenzeue G2. 202 
poxylene 0.663 
o-xylene 0.086 
cumene aaa 
V2, 4-15 Oa All 


Napthalene 0.148 


SAMPLING POINT: Uw4-y 
ee eat ees, Us fad a ce he bee oheoee si beh cl feo 
FIELD DATA 

temp (C) 

En (nV) 

pH 

conde. (uS) 
LAbd DATA 

Ed 

cond. {uS) 

hardness (CacC3) 

Ca (mg/l) 

My 

Na 

K 

eal 

Alike pase Gacgs 

SO4 

9 

NO3, aS N 

NO2, aS N 

Peek Nie ac h 

NH3, aS N : = 

LOC 

Toc 

b 

Fe (tot) 

Mn 

AS 

yet 


ee a SS ee ee 


ww mm oe oe wm ew ow eee oe ee 


— ee 8 8 a 2 a SS ee wee © 8 oe = 8 ee wn eee owe oe eee eee 


Sampling Date: Sia alaleks 
benzene SOG) 5; 
toluene Shey (Cele 
chlorobenzene == 
etnyloenzene C.045 
k- xylene Orta) 
Oo-xylene 5 
Ccumene SS 
1,2,4-TB 0.095 
Dapthalene 0.28 


ae? Ga 


a 


| a 


'D>e Sse aaa 


SAMPLING POINT: UwS-1 


ewer errrnw er wm e@w wm owe 1. 
mee es we wm wm am oe wee oe we = owe | ee 


Sampling date: MS yal 27.803 

FIr&LD DATA 
temp (Cc) NA 
En (mV) NA 
bH NA 
coude (uS) NA 

LAE DATA 
pd Bo 3h 
GODGm (us) 1520 
hardness (CaC03) DD Diet 
Ca (mg/l) 140.0 
My 50.0 
Na 108.0 
K Es OHS) 
cx 182.0 
Dara Sata Ges 246.8 
SO4 AAT A 0 
se eal) 
NO3, aS N Wis % 
NG@2 eS oN <OlenOn 
Kjeld. N, as N <Olees 
NH3, as N Oe 4, 
de NA 
one ai 
B eau 
Fe (tot) OS ers 
Mn 0.149 
AS LO OHG) 
‘Eel <0.0002 
(Gg 0.003 
Cu 0.011 
Ni 0.004 
Po OBO 
Se <Oe0o 
Za C2110 


me me ee a ee ee a ae ee we se a ae ee a es a a ae we a a ae a es a a a a a a a a Se es a = ee we = = ee 


wae wm em ee ee ee ee ee 


——ee ee eee eee em em wm = ee owe ew wm ow = = oe eo ee = ee ee ee ae = ee = ee 


SaBpling Date: 09/12/53 
benzene U.054 
toluene 0.894 
chloroLenzene = 
ethylbenzene Cy she 
p-xylene 1.822 
o-xylene OB S34 
Cumene ey 
V1, 2, 4-185 Qasvial 


Na,pthalene Oa SHE T/ 


= 2 eu! he ewe 


= 
B= @2 o—— ss e— See 


whe od 


| 
é qs st 


SAMPLING POINT: DK5-2 


www ae nee =e Oe 
—_—_———— wee owe wm wee em owe we owe oe ow = ee ee et 


SaM@piinyg date: 19712783 

FIELD Data 
temp (C) NA 
Jaen (mV) NA 
igel NA 
CONGd=sm (a5) NA 

LAb DATA 
pH UoSy 
cood. (uS) 1970 
hardness (CaCCc3) 1007 
Came(ng//.) 260.0 
Mg Bid0 
Na SKeI-5 (0) 
K iy EKO) 
(eat 144.6 
ALKS, as Gaco3 2 SiGallee 
SO4 000.0 
ig OR Vy 
NU3, as N On 7 
NO2Z, as N <O50 
Kjeld. N, as N 0.6 
NH3, aS N < Oyen 
TOC NA 
Doc W0.c 
E Omsit 
Fe (tot) 0.05 
Mn 0.015 
As 0.0095 
Cd <0.0002 
(Ge OTOH 12 
Cu OS) 5) 
Ni 0.002 
Pb 0.013 
Se <0.001 
2n 02-009 


me ww wm wm wm wm we a a wm a ee = oe eo a ae = = oe ee = a ow ee ee ee ew ew oe oe ee ee ee eee es ee ee ee Lk 


Sampliny Date: 09/12/83 
benzene Gla ES 
toluene a 2S 
Colorocenzene == 
etnyloenzene 0.463 
p-xylene 1.476 
o- xylene 0.409 
cumene O50} iehte: 
UAB pee seal er Sout 


hayptonalene C.040 


lS <a ys @= @ 


a @s —— 0 4D = = ae 


Oo — a Cee eat oe cae Satta a 


<euls 0 


ua 


SAMPLING PC1NT: UK 5-3 


Sawtpliny date: 


FIELD CATA 
temp (C) 
Eh (gY) 
pd 
SOT Gren us) 

LAE DATA 
pH 


GOnd en Culs) 
hardness (Cac03) 
Ca (bg/1) 


NO2Z, as N 
Kjela. N, as N 
NH3, aS N 
OLE 

Doc 

E 

Fe (tot) 
Mn 

As 

cd 

Gr 

Cu 

Ni 


Sagpling Date: 097412733 
beuzene SS 
toluene Toons 
chlorobenzene Se 
etnylcoenzene Caz 
p-xylene 0.810 
o-xylene Case 
Ccumene SS 
1,2,4-Tio Ceres 


napthalene == 


> > 


re 


SAMPLING POINT: 


GaN Ne ee oe -<-—----—.. 


Sa@pliag date: 


FIELD DATA 
tem, (C) 16.0 16.0 13.5 
Eh (gV) -167 NA NA 
PH 6.94 G95 5/55) 
cond.e (uS) NA 43000 30000 

LAE DATA 
pi Vo AS estos OyeA0 
cond. (us) 22100 30600 59000 
hactdness (Cacc3) 0034 8 846 21000 
Ca (mg/l) 1680 Pas: 5600 
Mg 4090 Wiles © 1590 
Na PESO) 3€00 7350 
K 66.0 82.50 W250 
(aL 6785 10000 24149) 
ALKke, as Cacc3 S36 2 2 lion PATS) 
SO4 1340 ISAS 1450 
ie NA 1.0 Tile 6 
NO3, as N <0.1 <0.1 Gene 
NO2ZEy ase i S05 (0) <0.01 0.03 
Kjeld. N, as N 3.0 Dee 30.0 
NH3, as N Yod 9.2 20.0 
TOC us S2is0 44.6 
BOC NA NA 2506 0 
3B 4.20 3) 3. 910 
J [h siayia) NA 0.046 0.240 
Mn NA 0.230 0.570 
As <0.030 0.00V06 <0.001 
Cd <0.002 6) (0) 7) 3} <05 005 
CE NA 0.041 0.030 
Cu NA 0.220 0-130 
Ni NA 0.022 Oe ONO'S 
Pb <0.012 0s 053 <0.030 
se <0.030 <0.C01 <0.001 
Za WA 0.034 Ve 006 

DESSOLVED GASES 

Sampling Date: 13/71078&Z2 14/06/63 26/C9/83 
CH4 149 5) 30 
C2 NWA ND ND 

PORGEADLE CRGANICS 

Sagpling Date: 267097 28. 26705733 

~--------~---- (A) { 2) 
benzene T2072 0.947 
toluene 0.534 0.424 
colorovenzene = 
etaylbenzene 0.064 0.C37 
pr xyleue 0. 146 0. 130 
o-xylene ies in 
cumene ar ge 
1,2, 4-TM3 0.078 0-072 
nha,ythalene W504 ras 

AQUEOUS ISO1CPES 

Sampling Date: 13/10/82 12/05/E3 08/11/83 
Delta U-18 =9.8 ~9.3 
delta H-2 NA bis 
Tritium (1.U.) 20 NL a) 


-—— ——= 


qm 


(a7 


a 


ima of ep? «=e 4ee> 


—_— ———<.2 ———6—]——_e 2 


eres ba\0Cage 


a) pAy 
yey) 0? argh 
a ae | 
'LaeF ar ee 
ee aal @ 

oa a 


fA ay 
=< a 


Leet seerAty 


(f= ~— 6.0 
7 \e 
- cw 


SAMPLINs PCIAT: Uw 6-3 
faeces ll 
FIELD LATA 


Eh (mV) 


coud. (0S) 


pH 

cond. (uS) 
hardness (Cac03) 
Ca (mg/l) 


2 - 22 = - 


Satpiinj bate: 20/03/35 
benzene 2S 
toluene Os Sie 
chlorobenzene — 
etnylcoenuzene C2300 
p-xylene 0.250 
o-xylene 0.034 
cumene == 
3,2, 4-18 mai 


haptkalene -- 


— 
es 
ove 

e 


fe 
yeu 
= 


SAMPLING POINT: Uw6-4 


mee wee Oe 
nn a a a a eee ae ee oe ee ee ee 


Sampling date: 137VO7 ES OES 8s 27709783 
FIELD DATA 

temp (C) 14.0 NA 720 

Eh (mV) +53 NA NA 

pH 6.99 NA 6.50 

cond. (uS) NA NA >50000 
LAw DATA 

pH 6.74 

cond. (us) 79500 

hardness (CaCC3) Ba Sale 

Ca (mg/l) 14100 

Mg 4709 

Na 24200 

K 3700 

Cl UVDAD 

ALkeias = Cacus 67.4 

SO4 S56 0) 

F NA 

NO@svearars aN OreeZ 

NOZ, “as N 02-02 

Kjeld. N, as N Bia o 

NH3, as N 28.6 

TOC 5.00 

COC NA 

B 4.60 Sas 

Fe (tot) Na 0.320 

Mn NA Os 720 

As SGaOs 0 0.092 

Cd (0) WO) 2 <Oeu05 

5 Na Vs055) 

Cu NA 0.4350 

Ni NA <0. 000 

Pb <0 .0) 12 Oe C74 

Se <0.0390 <0.001 

Zn NA 6 ZAW 
DLSSOLVED SASES 
Sapling Date: 13/10/32 

Cd4 ND 

CZ NA 


— wwe em = woe ee eo eee ee ee ee ee ee ee ee ee a = oe ea ee a oe = a a = a a a a Sw ee = ae ee a a a ew a ae we ee 


= — eee ee ee ee eee ee ee ae ee = a ae = Se a a = = ee ee ee ee 


Safpling Date: 26799783 
benzene [he BUS 
toluene 5 7/Sxe' 
chlorobenzene =o 
ethyloenzene 0.143 
p-xylene Do Wsyy 
o-xylene C2274 
cumene O=10 17 
i,2, 4-135 0.091 


Daptnalene Oea/4 


SAMPLiNG PCINi: 


Safpling date: 08/09/83 

PEED AT A 
TEM? (C) 73120 
Ed (mV) NA 
PH 6.10 
COND. (uS) >50000 

LAb DATa 
pH NA 
coud. (us) NA 
hardness (CacC3) NA 
Ca (ug/l) NA 
My NA 
Na NA 
K NA 
eo} NA 
Alike. 1ase Cacgs NA 
SO4 NA 
sg NA 
NO3, as N NA 
NO2, as N NA 
Kjeld. N, as N Na 
Ni3, as N NA 
10Cc le 
Coc NA 
is) Oy 20) 
Fe (tot) 24.0 
Mn 22590 
As 0.001 
cd <5 @ ke 
GE OF Ae 
Cu CA Ae 
Ni 0.014 
Pb OS Se) 
Se 0.004 
Zo OeiOres 

DISSOLVcC GASES 

Sampling Date: 06/09/7E3 
CH4 NA 
C2 ND 


Samplity Date: 21,097 ES 
cenzene 4o69Z 
toluene We 20) 
Colororenzene == 
etoyinenzene DealZ 
p-xylene Wmaae 
o-xylete 0.00% 
cumene OE OSS) 
1,2,4-1MB 0.049 


luapthalene => 


eee ee ame [em Se ee ess rem Sum tense Se Yee ual fo Gas iu set ams oes sae ade eo - 


NA 6.25 
NA >5C000 


2€/05/83 


200 


es ae a a a a a a ae a ee ae a ee oe ee = ee ee ee Le LL 


——e<« 


a ea 


och oé 
oJ 


Sn 
eas, 

= 
n= ata yl a ee _~2n8 = 


iAseealic 


SAMPLING POINT: wot 


a SS Meee es a ene (ese a ew ek ee cn mae ae ee ea — - 


Sampling date: <0/10782 12705783 31/05/83 26/10/83 

FIELD bala 
tem; (C) 16.0 Lees 12.0 AA 
En (nV) -37 NA NA NA 
pu 6.65 6225 6.45 6.55 
cond. (uS) NA 7200 7000 NA 

LAE DATA 
pH 7235 7.00 6.83 6.71 
cond. (uS) 9640 9440 9360 13000 
hardness (Cacc3) Sue Yeys) 1244 22035 ZHAe 
Ca (mg/l) Z60.0 ig7s0 610.0 740.0 
My 150.9 195.0 185.0 210.0 
Na 1260 125 1160 1450 
K 228.4 260.0 189.0 23600 
cl 1686 1482 1566 eac0 
Alike, asEGacus ze B56.6 NA 1799 
SO4 1500 1700 eee 1680 
F O56? 0.61 0.70 0.80 
NU3, as N | <05.1 <0.,4 O52 
Nuz, as N G2 0m <0.01 <C.01 0202 
Reid. (N, Pas N 190.0 136.0 136.0 150-0 
NH3, as N 118.0 134.0 12 tao 13550 
TOC 140 Se: NA NA 
Doc NA | °170.0 136.0 190.0 
B 15,10 6.80 NA qe to 
Fe (tot) <0.01 0. C86 Uae O: an Oe tao 
Mu 0.024 0.030 Os 032 0,032 
As <0.030 0.001 <0.00 1 <02100 1 
cd <0...002 O2.015 <05.002 <0.005 
cs 0.023 <0. 059 0.018 <O5025 
Cu 0.059 0.003 Gi.420 0.076 
Ni 0.049 0.004 0.050 0.080 
Pb <a Wid 2 0. C65 <.030 0.044 
Se <0.0350 0.005 <0.001 <0.001 
2n 0. 120 <0.010 G2072 0.033 

DISSOLVED GASES 

Sampiing Date: IVA OAS PEYVAMayRss2) ay WOVAsss 
CHy 1249 230 540 
Go NA NC 


em ae ae a a a a a ae a a oo a = ee es a a a es a es Se = ee oe ee ee ee ee ee ee ee ee ee ee 


meee a ea a a a ae a a ee es oe ee ee = es oe ee ee 


Sampling Date: PR J NOP hes Psy / NOV Asse! 

I a arm ag is (A) (3) 
beuzene 4.550u be ys 
toluene Pes TONS Pp Paaye 
chlorobenzene C.080 0.099 
etnyloenzene 36 2a 3}5 Tie) 
p-xylene Joie, S)RSt | 6.6638 
o-xylene 3.142 Za 27 
cumene 0.092 0.039 
1,2,4-183 Sh W@)3) Be 55 
Napthalene Oras 0. 540 

AGUEQUS isSCICPES 

SaBpiiny Date: DOPAC 32 wl2/05733 
beita O-138 NOs 7 ONS al 
Delta s-2 NA -54 


DELC VU (5) 0.) 110 W283} 


t-Goy 


oo — a 
—- ——— es eee & es 


<OuEAS Gd GOREOCEE GOA 87 wos 


a hs fest DwT 
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SAMPLING PCINT: Un 7-2 


~~ werner e@ == |@§"=@=eceeeenw ao oa 


Sampling aate: 20/10/32 12/05/83 31/05/83 26/10/83 

ELELD DATA 
temp (C) 16.0 1220 NA 29.9 
Eh (mV) Na NA NA NA 
pH 5.89 6.25 NA G6 3S 
conde (uS) NA 19200 NA NA 

LAs DATA 
FH 7a Ma 6.80 6.50 6.49 
Omid am (iS) 22100 25000 2400 22400 
hardness (CaCC3) 5534 7252 6776 6382 
Ca (mg/l) 1460 2000 1875 UUs 
Mg 4¥EO.C S05 0 5) NOS © 475.0 
Na 3150 3330 3180 2900 
K p45 0 88.50 oie (0) 35350) 
Ca 7519 8448 8148 7412 
AK ues sGacgs 540.0 SIS AAG NA Y305 © 
SC4 1738 1625 1675 1560 
ig O}5 (oy) 1.10 OF She) Oren 
NO3, as N Was! Gost 05 4, Ola % 
NOZ,, as oN 0-02 <0.01 0.03 <OeOnt 
Kjeld. N, as N So5 5 17.4 NA 40.0 
NH3, aS N AYE) VQ5s! 18.0 20.7 
LOS NA 1S San NA 
coc NA 280.0 Ia) 10) 48.0 
5 6.0 8.80 NA Wo We 
Fe (tot) Oy 0. 078 0.064 Os aie 
Mo C2049 0. 140 Oren 10 OS 2) 1) 
AS <0.030 0.001 <0.001 <0.001 
Cd <U.002 0.017 0.004 SOROS 
‘Sire Va027 0. 040 0.028 0.034 
Cu 0.056 0.190 Os3 0 Os Ure 
Ni 0.018 0. C38 0.022 Oe O)3)7/ 
Ve 05 Onlz 0.120 <0.030 0.045 
se <0. 030 <0.001 <0.001 <0 OOM, 
zn 0.033 <05.0)110 OR OBZ 5 O25, 

DISSOLVEL GASES 

Sampling Date: 20/10/82 23/00/53 26/10/83 
CH4 120 100 190 
Oe: NA ND 


a a we a ae = ee ee ee ee ee ee ew ee ee 
ee ae ae ae a a ae es a a ae ae a a ee ee oe wo = = 


Satpling Date: 26/10/83 26/10/83 
watt tes areata (A) (3) 
beazene Ol 727) | 5 Biss) 
toluene OS 159 Oh Aa 
chloroLenzene 5 oa 
ethylbenzene Os OEM) 0. 034 
p-xylene 0. 146 Oe1S3 
o-xylete SS == 
cumene —— — 
1,2,4-2M3 0.080 0.091 
Raptanaiene OOS 0.024 
es ee a 
Sampliny Date: IMO) MOVATA ay Sye33} 
Delta O-18 -10.1 - 5.7 
Delta H-2 NA -62 


Tri¢diae (T.U.) 50 b2 


a 


ter 


owe was Sis WYP lars 


11O.e 
o? od 


Ss +) aa! 


Chr Fes? 


v.h— 


ob= 


ie aes 


7 a 


dal! 
| 
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oe 
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SAMPLING POINT: 


Sampling date: 
FIELO DATA 


E (mV) 
(US) 


pH 

cond. (uS) 
baraness ({Cac03) 
Ca (nj/1) 


ais Gales 


NO3, as N 
NU2Z, as N 
Kjeld. NW, 
NES, as N 
TOC 

DOC 

E 

Pema ECO) 
Mo 


as N 


— www we ee ee oe we oe oe we we oe oe ee ee eo ee ee oe ee oe oe we we we ee ee a a a a a a a ae a a a a a ee a a a a a ew = we ee ee eH = = 


benzene 
toluene 
Calorovenzene 
ethyivLenzene 
p-xylene 
o-xylene 
Cugene 
1,2,4-183 
Dapthaiene 
AQUEOUS ISCUicFES 
Saiwlinyg Date: 
Delta 0-18 
Delta H-2 
ees (CSS }) 


23b—)0 NA 
NA NA 
SK Shs) NA 
6500 NA 
6.20 
124000 
80373 
21500 
6500 
ANAS 
BS 76.0 
65/560 
113.8 
755 
NA 
ING 7 
5 Os) 
isla @) 
HRC PA 
2A 33! 
230050 NA 
NA 8.20 
S23) 0. 530 
35550, 1.40 
NA Oa Oe 
NA <0 OO) 
NA Ore O ag 
NA OS 670 
NA <0.010 
NA Oe 110 
NA 0.003 
NA Os O02 


2710723 27710783 
(2) 


Qe 59 DRS TVske) 
S55 ia) 1)! sey Sis! 
0.409 Omics 
4516 0.454 
Oaset (0) Sis 
Oh, Sisi7 C.402 
Os473 0.354 
25/7018 783 
-6.5 
-69 
Nov 


a 


, oa 


a a - : 
‘itt = . 


a 


CHOOT 66.00.05 


iP GeeAD 
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Ose) an «ati | 
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SAMPLING POINT: 


Sampling aate: 


FIELD CATA 
temp (C) 
Eh (nV) 
pd 
cond. (uS3) 

LAB DATA 
iss} 


cord. (uS) 


hardness (CaCv3) 


Ca (mg/l) 

JehSj 

Na 

K 

eae 

Albkev 1asicaGo3 
So4 


Kjeld. N, as N 


Ree (tort) 


DISSULVZD GASES 


~~ we wm ew = 


25/06/33 


25/06/33 


NCD 
ND 


PUBGEAELE OXCANICS 


benzene 
toluene 
Chlorobtenzene 
etaylreuzene 
p-xylene 
o-xylene 
cumene 
5 4p SINS 
Napthalene 
AQUEOUS ISOTOPES 


eae 


Delta C-18 
Delta H-2 
Peed (TU) 


ZAG AOZ 03 


NA 
0.293 
0.049 
0. 188 
OS Wl 7 


PLS AS / 513 


ed 
-54 
116 


; 


| 


> 


tee 


——_ 


ere ee 


Helael 


Oe ale leas 7 caw a a ee 2 aaa he 


642¢0508 


6.) 
: el 
a 96! 


SAMPLING POINT; 


Sampling date: 


PRELD SDA TA 
temp (C) 
E (mV) 
EH 
cond. (uS) 
LAE DATA 
bH 


cond. {uS) 


hardness (CacC3) 


Ga (ng) 


ee ee 


l2yn07e?2 


12.0 
= 5) 
6.55 


ev ru 


NA 


V6 WS 
€800 
2052 
6550 
194.0 
WAOO 
46.0 
1225 
TUT 
1W7S 
5s 
Oe 
<0s0n 


27/10/83 


ot SO 
NA 
6.35 
NA 


— ee ee nm we em aw ew oe aes = es = = ae ee oe = ee se ee ee 


chlorubenzene 
ethylbenzene 
p-xylene 
o-xylene 
cumene 

U6 eS eu ie 
napthalene 


AQUEOUS ISOTOPES 


Sampling Date: 
Celta 0-18 
Delta H-2 


Tere tp me (dy 2! <)) 


QIG NO 33 27719733) 27710783 


(A) 
Oeysiza 
0.040 
0. 120 
0.169 


(C) 
Oasi27) 
0.077 
0.126 
0.208 


0.0017 
0.018 


(D) 
0.345 
0.064 
02-124 
0.198 


0.063 
0 083 


AA Ndi 


=S.15 
NA 
50 


: : 
SG ——————— iii _ ang eo) 
Ww % 


o,3T.4 
Of ft 
$0 
¢g.8e7 
Date 
@ ®t 


SASPLING POINT: Uw8-3 


Sampling date: 12710782 

Bee D wD A aA 
temp (C) 14.0 
En (mV) -54 
pd 5.64 
cond. (uS) NA 

LAE DATa 
pH Ge 515 
conde (uS) 73200 
hardness (CaCcCC3) 28099 
Ca (mg/l) 7806 
Mg 2100 
Na 10290 
K 149.0 
Git BVS25 
Al ker, as) Hh eC3 163.0 
SO4 1270 
My NA 
NO 3 Oe 
NO2, aS N D5@s! 
Kjield= Ni, as N Be 
Nits eas oN O28 
HONE 44 
DUC NA 
B Seid 
Fe (tot) NA 
Mu NA 
Ss <0.030 
ed <0.002 
GE NA 
Cu NA 
pe NA 
Fb NA 
Se 410510) 300) 
Za NA 


DiSSUiVeb GASES 


ewe wm wm we we oe = ee ss se www ew wm we =| = mM wm @ em we = ww ow ee a a a ae ee ae = ee ee ee oe oo ee ee ee 


Sappling Date: 12/10/82 
CKY 270 
O2 NA 


benzeue 
toluene 
chlorobenzene 
ethylbenzene 
p-xylene 
o-xylene 
cumene 
1, 2,4-TMB 
Dapthalene 
AQUEOUS ISOTOPES 


oe eae a ae ee ee ee = = ad 


Sampling Date: 12s 10sb2 
Delta O-18 = }05 2 
Delta H~-2 NA 


Treat Wi (Te Wie) 20 


SASPLING POINT: Uw &-4 


weer nr ef mo me eww oo oe ee | ee ee ee 


Sapplityg date: 


SEILIAIE OY joy Wet 
temp (C) 
Eh (nV) 
FH 
conde. (uS) 

LAB DATA 
jae 


cond. (uS) 
hardness (CacC3) 
Ca (gy/1) 


Ake aS GaGa 
SO4 

F 

NO3, as N 

NO2Z, aS N 
Kjceld. N, as N 
NH3, aS N 

Tuc 

COC 

B 

Fe (tot) 

Mn 

As 

ea 

C5 

Cu 
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Sampling Date: 17711783 
Lenzeue 0.204 
toluene 1.431 
Ccalorocenzene C.016 
ethylbenzene SENS) 
p-xylene ie Behe 
o- xylene 0.328 
cumene =5 
172,41 8B 05079 


Dapthalene 0.481 
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SAMPLING PCINI: Uk 8-5 
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Sampling date: 17/11/7383 

FIELD CATA 
teap (C) NA 
Eh (mV) NA 
pH NA 
conde (uS) Na 

LAE DATA 
pa de G6 
CONnGe (us) 72000 
hardness (CacC3) 26005 
Ca (myj/l) 7200 
Mig UEHS 9) 
Na 9600 
K Wish 7/50) 
cl 30900 
ALK, cas CalOs 340.4 
SO4% 1140 
F Sila S18) 
NO3, as N os 
NOZ, aS N Qa as 
Kjeld. N, as N NA 
NH Seen dS) N S05 10) 
Toe NA 
Bou 240.0 
E 6.80 
Rem (tot) OG So) 
Mo 6 We 
AS <0.001 
cd <Os10) 10 
CE GA 0) 
cu 0. 300 
Ni 50) 1S 
Pb <0.000 
Se <0.001 
Zn 0.034 
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Sampling Date: Nini ae 3 
Leuzene So ZAeile! 
toluene 4.336 
chlorobenzene == 
etnoylbenzene Hoss 
p-xylene TE SHO) 1 
o- xylene 0.1600 
cumene == 
1,2,4-TMB S33! 


hapthaliene 0.046 


SAMPLING PCiNT: 


Sampling date: 


FIELD CATA 
temp (C) 
Eh (mV) 
pd 
cond. (uS) 

LAd DATA 
pa 


conde (uS) 


hardness (CaCC3) 


Ca (my/l) 


NO2, as N 


Kolelds NN, as: N 


NH3, as N 


18/11/82 18/11/82 


(A) 


Motor 
7570 
2516 
725.0 
17255 
840.0 
25-50 
1662 
444.8 
1060 
0.29 


(B) 


<0.030 
<0. 902 
0.014 
0.060 


18/11/82 11705783 31/05/83 04/10/33 
(C) 


NA 13.0 1355 LANA, 
NA NA NA NA 
NA Geo 6.50 6.265 
NA 6000 6000 NA 
1029 Ve We 6.83 6.76 
7660 7940 78600 7800 
2342 2309 2342 2276 
675.0 650.9 67o50 670.0 
165.0 167.0 100.0 147.0 
850.0 ONS $80.0 905.0 
20910 Des 26.0 35 (8 
1848 1978 1914 1965 
441.4 428.0 WA 456.6 
1050 1025 1050 1120 
0.30 Uare) 0.32 90.40 
<C.1 0.2 0.5 <0.1 
<0.01 <0.01 0.02 <0.01 
je 3 3. 6 365 Pos 
2.6 2-5 2-8 2e7 
NA 287 Ris & ile 
NA N& il =i PaliGie GO 
2.90 1.40 NA 1.69 
<0.03 0.052 0. 040 0.0133 
0.089 “05 08'7 0.084 0-076 
<0.C30 <0.001 <0.001 <0. 001 
<O70072 OS 015 <0.002 <0.005 
0.C14 <05 0510 0.015 <0.025 
0.060 0.060 0.110 0.044 
0.008 0.024 0.013 0-0 16 
0-054 0.074 <0.030 <0.030 
<0.030 <0.001 <0.001 <0.001 
0.004 <0.010 0.011 0.008 
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chlorobenzene 


etaylrenzene 
p-xylene 
o-xylene 
cumene 

Uae lives! 
Napthalene 


AQUEOUS, ISOTOPES 
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Sappling Date: 


Delta O-18 
Delta K-2 


Brat ew (2 5 Us) 


wm meee ee oe we ee oe we we ee ow oe oe ee = we we ee a a a ee ee a ee oe oe ow es ——_-=— 


04/10/33 


0.074 
0.0&c 


0.009 
0.015 
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SAMPLING POINT: Dw S-2 


Sampling date: 12/10/82 11705783 31/05/83 04/10/63 04/10/83 

Ele LO DAA 
temp (C) 12.0 14.0 14.0 14.5 14.5 
Ea (mV) +35 NA NA NA NA 
pH arc 6.45 6255 Gieig > 6.95 
coud. (uS) NA 7900 7600 NA NA 

LAE DATA 
pH 7.40 YAO 6.88 6.86 6.80 
conde. (uS) 8810 9880 9820 9800 9800 
hardness (Caco3) 2329 2910 2952 3042 2960 
Ca (Bg/l) 650.0 820.0 845.0 840.0 840.0 
fig B20 ANOS 205s Z 305 0 P21) 0) (0 
Na 1290 WIS 1150 1100 1130 
K 38/0 40.0 41.80 iy aon) 438.0 
aul 2382 2854 2450 252 PRES! 
MiUSS 4 ES (SeYGOs: 578.4 448.0 NA 468.0 466.8 
SOY 50 1412 1400 1480 1480 
F Oem 0.47 O5Sy 90.60 90.60 
NU3, as N Gees <0 <Oemt <0) 1. <0) 4, 
NOz, as N <O0M <OSi0 <5 0) 7 <0.01 <0.01 
Kjela. N, as N 9.4 €.8 8.9 10.0 PO50) 
NH3, as N 9.4 Gayo ao 7 ish 15 Sie) 
ROME 14 b7.6 si5 Oe 9: Ole 7 
DGe Na NA 2 a0 260.0 BSS 0) 
B Pa UO At NA Do SE 2.60 
Fe (tot) NA 0.320 0.061 = 5 0 3} Oh We 
Mn NA O65 2ae (Pam hee) 0.160 0. 160 
As <0.030 <0. 001 <0.001 105 WO) 1] GS OO) 3) 
cd <0. 062 0.061 <0.002 <0.005 <0.005 
(Ge NA 0.10 re ie) 1015 2S S56 GAS) 
Cu NA 0. 260 0.120 0.063 0.096 
Ni NA 0.20 O02 Os095 3} (0) 11 2/ 
Pb CO Onz 1.0 <0.030 <0.030 SC 5 0) SG 
Se << O)5 W550) <0.001 <0.001 <0.001 <O200M 
Zp NA 0.042 0.014 Ole 10) 10) 0. C30 

DISSOLVED GASES 

Sampling Date; Wzy10/82 14706783 23/06/83 04/10/83 
CHY 300 NA 150 260 
C2 NA ND ND ND 
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Sampling Date: 04710783 
cCenzene OS 095 
toluene OS085 
chlorobenzene = 
ethylbenzene 0.025 
p-xylene 0.029 
o-xylene -= 
cumene -- 
1,2,4-TSB 020/20 


Rapthalene Se 
AQUEOUS ISOTOPES 


ome ae a a ee ee ee SS 


Sampling Date: WZ7NG7.32 AOS /83 
Delta 0-18 = 06 6) = ints 
Delta H-2 NA = Gre 
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SAMPLING POINT: 


Sampling date: 


FIELD DATA 
temp (C) 
Eh (mV) 
PH 
Conde a(S) 

LAE DATA 
pa 


cond. (uS) 


hardness (Cac03) 


Ca (mg/l) 


NO2, as N 


Kjeld. N, as N 


NH3, as N 
Toe 

Doc 

B 

Fe (tot) 
Mn 

AS 

Cd 

CE 

Cu 

Ni 

Pb 

Se 

Zn 


DISSOLVED GASES 
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Sampling Date: 
benzene 
toluene 


chlorobenzene 


ethylbenzene 
p-xylene 
o-xylene 
cumene 

Ug Bp Canela! 
Napthalene 


AQUEOUS ISOTOPES 


Sampling Date: 
Delta C-18 
Delta H-2 


Mees (ise) 


DAWA ay 7eels' 


Ze 25d 
Oe cei 
De538 
0.099 


aoe ce mee a aa a a ae a ee es ee 


110782 O37 11782 


12705/83 
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SAMPLING POINT: Uw S-4 


Sampling date: 03/08/83 06/10/83 

FIclLvD DATA 
temp (C) 24.0 BH iitcle@) 
Eb (mV) NA NA 
pu 6.05 B65 V/s) 
conde (uS) Na NA 

LAD DATA 
bu (5 3h! 5 TS 
cond. (uS) 139000 136000 
hardness (CacCC3) 50944 50385 
Ca (mg/l) 13000 13609 
Mg 4500 4000 
Na 27000 25000 
K 380.0 450.0 
cl 7738230 72720 
ALk., aS HEOS VAG 164.6 
SO4 1088 1030 
5 NA NA 
Nu3 Mia Qs 
NOZ, as N 0.06 De QA 
Kjeld. N, as N NA Vile@ 
NH3, as N Soe Se 
Tce 30.0 USer 
DOC NA NA 
B 8.40 5=0 
heme (tots) Oo Ae Dey 
Mn UUs 1.10 
As 0.001 OS OO, 
Cd <5 OO <0. 005 
cr 0.030 Oa 037 
Cu Os 510 0.410 
Ni <0.010 <0.005 
Pb <0.030 <0. C630 
Se 0.001 <0.001 
Zo Os tAw 0.010 

DISSOLVED GASES 

Sampliny Date: VE] 10783 
C4 170 
O2 ND 
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Sanpling Date: 06/10/83 
benzene Oe g23 
toluene 0.608 
chlorobenzene => 
ethylbenzene 0.2006 
p-xylene M5 VY 
o-xylene SS 
cumenhe =o 
Ip 4g Sas 0.106 
Napthalene 0.082 

AYVJEOUS ISOTOPES 

Sapplinj Date: O3/08/7E3 15/12/83 
Celta 0-18 Silo 2 
Delta k-2 -09 


Tessa (Grats) ND 10 (3) 


14\60-2 
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SAMPLING POINT: 


Sampling date: 
FIELD DATA 


Ea (mV) 


(US) 


coud. (uS) 
nardgess 
Ca (mg/l) 
Mg 

Na 

K 

CL 
Alk., 
SO4 

Ne 
NO3, aS N 
NOzZ, as N 
Kjeld. N, 
NH3, aS N 
Toc 
DOC 
B 
Fe 
Mn 


(Caco3) 


aASMeaGGs 


as NN 


(tot) 


Zn 


eee ae we we we ew wee ee = 


11705783 04710783 
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Sampling Date: 
cenzene 
toluene 
cnoloroLlenzene 
ethylbenzene 
}- xylene 
o-xylene 
cumene 
1,2, 4-TM8 
Napthalene 

AQUEOUS ISOTOPES 

Sampling Date: 
Delta 6-15 
Deus tay Hi=2 
JGerne atoyin Ys 1659) 


ey N07 Gi 
14.0 iSe10 
= NA 
ies tel ¥) 6265 
NA 2550 
Leos 25 210) 
3230 2340 
1652 1330 
Sib 5510 44O 
59.0 Sy()5 S10) 
199.0 106.0 
13.80 VUE 2s) 
z70.8 176.0 
274.0 109.4 
1340 1275 
0.69 Omr0 
<Olent On3 
<Oen0nt <oS Git 
Ui é! S105 2 
Oa 3! <Oout 
Sey 7 foe 
NA as 8 
Oy, SYS} 0.43 
NA 0.C43 
NA OsnO Sz 
<0.030 <0.001 
NA 0.014 
NA <0. 050 
NA 0.050 
NA 0.026 
NA 0. 062 
= (0)e5 (0) }10) 0.C06 
NA <0.010 
VEZ VO WS As? 
ND ND 
NA NA 
C47 10/83 
Oh Oa) 1 
0.268 
05.053 
Oa0g3 
0.042 
VAAWOVAIA Way N27 
G5) —lacyie) 
NA NA 
60 Vz 
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SAMPLING POINT: 


Sampling date: 
FIELD DATA 


temp (Cc) 

Eh (nV) 

pH 

cond. (uS) 
LAB OAIA 

pd 


cond. (uS) 


harduess (CaCC3) 


Ca (my/1) 


Kjeld. N, as k 
NHo3, as N 
TO 
boc 
B 
Fe (tot) 
Mn 
AS 
Cd 
Gr 
Cu 
Ni 
PL 
se 
Zn 
DISSOLVELU GASES 
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Sampling Date: 
beazene 
toluene 
calorobenzene 
ethylpen zene 
p-xylene 
o- xylene 
cumene 
Hes Al wlohe 
Mapthalene 

AQUEOUS iSC1CFPrS 

Sampling Date: 
Delta O-18 
Deltaw n= 2 
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SAMPLING PCIXT: Uw 10-3 


Sampliny uate: 


FIELD DATA 
tem, (C) 
Eb (mV) 
bH 
coud. (uS) 

LAB DATA 
fH 


cond. (uS) 
hardness (CaCC3) 
Ca (ug/l) 

Mg 


NG@iZ, as’ N 
ReelGse Nye ac N 
NH3, aS N 
10C 

Coc 

B 

Fe (tot) 
an 

AS 

cd 

Gr 

Cu 
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Sampling Date: IZyA2ysS 
benzene ee 
toluene ds 7a 
Ccoalorotenzene O45 2a 
ethylpenzene 0. 360 
p-xylere 0.204 
o-xylene 0.168 
cumene Os UO) 
1,2,4-TMB 0.148 


Naptnalene 0.083 
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SAMPLING PCINT: UW 10-4 


Satpliny date: 


FIELD DATA 
temp (C) 
EE (zV) 
pi 
CONG (io) 

LAE DATA 
pH 


cond.) (u's) 
hardness (CaC063) 
Ca (ay/l) 


Kgictde IN, aso N 
NH3, as N 

TOC 

bOC 

E 

em (tot) 

Mn 


ee 
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Sagpling Date: 12712733. 
bpenzele == 
toluene Re WN 
calorobenzene 0. 1b2 
etoaylvueuzene Gaia 
p-xylene 0.410 
o-xyleue O2077 
cumene =o) 
WZ 0.045 


ha,thalene == 


SAMPLING POINT: UwW10-5 


ee ae a a a ae oe se = ee 
ma a a a a a a a ee ee ee 


Sa@pliny date: 


FIELD DATA 
tem, (C) 
Eb (mV) 
pH 
cond. (uS) 

LAE DATA 
pil 


conde (uS) 
hardness (CaCc0O3) 
Ca (mg/l) 

Ng 

Na 


NO2, aS N 
Napelea IR ES 
NiiS),. a's) ON 

ToC 
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Satpling Date: JAA N2 33} 
benzene 0.873 
toluene Fas thal 
chlorobenzene O15 (0) 7/1 
etnylbenzene 0.254 
p-xylene Oi SHS 
o-xylete C. 100 
cumene SS 
UA US aes! 0.300 


Rapthalene 0.124 


SAMPLING POINT: DW10-6 


Ne a Te eee ——— ee ee ee 


Sagpling date; 31705783 

PIELD DATA 
tea, (C) NA 
En (mV) NA 
pd NA 
cond. (uS) NA 

LAB DATA 
Fu 36 7/0) 
cond. (uS) 6.0 
hardness (CaCC3) <0.4 
Cay (i712) Ke 
Mg <0. 10 
Na On 
K 0. 80 
cl <Oe 2 
Alikasmas medcos Bley Hs 
SC4 <le0) 
F <0.01 
NO3, aS N <0 
NO2, as N <OROH 
Kjeid. N, as N <Oonl 
NH3, as N <5 4] 
LOS NA 
Toc Oawe 
3B NA 
Fe (tot) <0.010 
Mn <0.005 
As <0.001 
ed <0.002 
Ge <0.010 
Cu <0.010 
Ni <0.005 
Pb <0.030 
Se <0.001 
Za <iGs Oe 


ween nn nnn aa a a a a a a a an a a a a we a a = oe ee ee ee 


benzene 
toluene 
chlorobenzene 
ethylbenzene 
E- xylene 
o-xylene 
Cumene 

UF BAe eur. ie! 
Napthalene 


SAMPLING POINT: sik 
eee OO a ne ee 
FIELD DATA 


cond. (uS) 
LAB DATA 
jel 
conde. (uS) 
hardness (CacC3) 
Ca (mg/l) 
Mg 
Na 
K 
eae 
Aker as) Cacus 
SO4 
F 
NO3, as N 
NO2, as N 
Kjeld. N, as 4 
NH3, as N 
TOC 
EOC 
B 
Fe (tot) 
So 
AS 
cd 
CE 
Cu 
Ni 


me we we ae a ee a ee a ew ee 


Sagpling Date: VEZ NA SS 
benzene 0.343 
toluene Pb ko)s) | 
Culorooenzene 0.194 
ethylbenzene U5 AS 
p-xylene OE Sy she 
o- xylene Osvsn 
cumene SS 
72,4145 OarOms 


Daptnalene 0.003 


i 


_ 7s _ : 


SAMPLING FECINT: Ow 11-3 
“ewe. 22°C eee 
FIELD DATA 


E (mV) 


Goudie) (us) 


—— ee 


GONG (5) 
hardness (CacC3) 
Ca (ng/l) 

By 

Na 

K 

ek 

WeKets as Gaces 
So4 

z 

NO3, aS N 

NOZ as) N 
Kjeld. N, as N 
NH3, as N 

TGe 

DOL 


Fe (tot) 


Zo 


— eee ee ee en ee ee ee oe ee oe we ee we ee a a a a ae ae a a a a a a a a a a a a a a ea a eee awww ee 


PURGEAELE ORGANICS 


me ee eee ee = ee ee ee ee ee a ae = a a a a ww we a a = a we = = a ew we ee = 


Sampling Date: 08/12/83 
beuzene 2S 
toluene 16 AS 
chioropenzene 0.241 
ethylcenozene 0-046 
po xylene 0.286 
o-xylene i 
Cumene =e 
1,2,4-TMB 0.094 


fhapthalene 0.101 


SAMPLING POINT: OW11-5 
SUS le Oe a all las a a Cac Semana 
FIELD CATA 
temp (C) 
Eb (mV) 
pH 
CON Gem (lS) 
LAE DATA 


cond. (WS) 
bardnbess (Cac03) 
Ca (mg/1) 

Mg 

Na 

K 

(et 

Delivers (eacc3s 
SO4 

F 

NOS, as) N 

NU2, aS N 
Kjeld. N, as N 
NH3, aS N 

Toc 

DCL 

B 

Rom toe) 

Mu 

As 


ee a ea we a a a a a a a ae es ee a es ee ee ees oe oe es Se ee ee es te 


Sampling Date: O87 i2Z7e3 
renzene SES) 
toluene Os AUVs 
chloroLrenzene 5 OS 7 
etoylbeuzene 0.079 
p-xylene C.090 
o- xylene a= 
cubene 2S 
1,2,4-IMB 0.066 


fRapthalene 0.142 


SASPLING PCINI: 


Sampling date: 


FIELD DATA 
temp (C) 
Eh (mV) 
PH 
conde (uS) 

LAE DATA 
-H 


cond. (uS) 


hardness (CaCC3) 


Ca (ayj/1) 


Ra)CucGlanm Nig acs: ON 


DISSOLVEE GASES 


ew ee oe ee ee 


—— ew em ow ee ee 


Sagpling Date: 
beuzene 
toluene 
chlorovenzene 
etuyibenzene 
E-Xylene 
o-xylene 
cumene 
1,2, 4-TMB 
Raptoalene 

AQUEOUS ISOTOPES 


Sampling Date: 
Delta O-18 
Deiktas H=2 
Mere shou (OES ay 


Un 12-1 


ee ae ae ee a ee 
—— nn a a aa a ae wm wm wm wm ne ow 1 


ee sa a a a a a a a ww ae a we a ae Se oe ee ee ee ee Se ow ee ee ee ee te 


ee ewe ese a a ee a ee ee a a a a a ee = es a oe ee es ee ee eS 


29/06/76&3 


= 0s 5 
=e 
NA 


= == & 


SAMPLING POINT: Uk 3 


aes aa eee te ---—— 


Satpling aate: 29/08/83 30/08/83 29/05/83 

FIELD CATA 
temp (C) NA BASS © NA 
Eh (mV) Na NA NA 
pH NA 6.65 NA 
GOLGs CUS) NA >50000 NA 

LAB DAIA 
pa NA 7.06 6.80 
cond. (uS) NA 70000 ¥ i510) 00) 
hardness (CaCC3) N& 22462 24290 
Ca (mg/l) NA 6200 6900 
My NA 1700 1720 
Na NA 10700 11200 
K NA 206.0 2C0.0 
Ck NA 30380 35920 
Alike, as Cacos NA 236 Té5a08 
SO4 NA 1160 HeUs 
F NA NA NA 
NO3, aS N NA 0.5 Oey, 
NO2, aS N NA <OmiOnt OS 4/00) 
Kaleuld na Nip ids N NA 14.0 3550 
NHo,reas N NA PRS) PES 50) 
T0c 1090 503 110 
Doc NA 970.0 HE) C 
fe) es 7/8) Ao 4.30 
Fe (tot) O.4€ NA C250 
Mn Vo2s NA is 1/5 
As <0.001 NA 0.005 
Cd 0.002 NA <0.005 
Chg O2Vi37 NA 0.390 
Gin 0.5350 NA 0.180 
Ni C.012 NA O21005 
Pb <0.030 NA 0.054 
Se CORON NA SORCORt 
Zu 0.650 NA Sed) 

DESSOLVED (GASES 

Sampling Date: ASIII E3 
CHY ND 
02 NA 


a gs tae Soe a a a Sa ae a a EO Ga cae a aoe ae we a a A a A SO EES ae ae a ae as ee oe ae ee eS eS = = = = 


Sampling Date: OTA W WAS 
benzene TonO Ue 
toluene 1. 450 
chlorobenzene SS 
etaylbenzene Oa 26 
p-xylene Oles HyS) * 
o-xylene Osz 32 
Cumeéene ee 
1,2,4-TMB Ga2se 
Mapthalene Ozsion 

ACULUUS) TrsO1TGPR ES 

Ssappling Dates: 257087E3 
Delta, O- 18 —s15 7 
belta H-2 -64 


Hee Tie MO (OTS) 3S 


> & +2 &S2e™ © © 


peastata 


Seca? 
we? of 
oe 


2 


SOV 
“dT of 
Lised 
as os 
rita 


4:40 iS 


t ~#= 
awe 
ae 


SAMPLING POINT: Uwi3-1 


—_———— a a a a a a a ae ae ee ee ee ee 


Sampling date: 


FIELD DATA 
temp (C) 
Ea (mV) 
pH 
cond. (uS) 

LAo DATA 
ioe 


cond. (uS) 
haraness (CaCC3) 
Ca (my/1) 


NO3, as N 
NO2, aS N 
Kjeld. N, as 4k 
NH3, aS N 
Tuc 
Coc 
3B 
Fey (tot) 
Bn 
AS 
Cd 
‘Ge 
Cu 
Ni 
Pb 
Se 
zn 
DISSOLVES GASES 


Sampling Date: 
renzene 
toluene 
chlorobenzene 
etuyloenzeue 
p-zxyiene 
o- xylene 
cumene 
1, 2,4-TMB 
Dapthaleue 

AQUEOUS ISOTCPES 


a a ae we Se ae eS Meee ee ee Se ee ee ee on oe oe = ee ee eee ee ee 


Sampling Date: STOVE 
Lelta C-18 =10.63 
Delta H-2 NA 


Steps subyne (Be aati) 70 


awe = 


SAMPLING POINT: UW13-2 
SERED EES a aaa aa 
FIELD DATA 


LAB D&la 


cond. (us) 
harabess (CaCC3) 
Ca (mg/l) 


ciko. as Caco3 


NC3, as N 

NO2, as N 
Kjeld. N, as N 
NID maisuen 

Toc 

COC 

B 

Hemet Ot) 

Mn 


Sampling Date: 
crenzere 
toluene 
chiorobenzene 
etnyibenzeue 
p-xylene 
o-xyleue 
cumene 
1,2,4-163 
Dapthalene 

AQUEOUS ZSOTICEES 


mm ee ae a ee ee ee = 


Sanp lL ung, Date: 127,05 773)3 
Delta 6-18 I 10) 
DelvarHn= 2 16/3 
Tritium (1.U.) 18 


SASPLING POINT: Uk 13-5 


ee ee ee a: Ske ee as aj, a ema pe sm ee Sma iss el Ses (ane sce tk Se nek csc Se se es 


Sampling date: 19/10/7E2 04/08/83 25/79/83 

FIELD DATA 
temp (C) NA Ie e NA 
Ep (nV) 5 NA NA 
pH USO 25 SIS) NA 
cond. (uS) NA WA NA 

LAL DATA 
pH Aa Oy 5-80 ees 
conde (uS) 52900 87000 80000 
hbacdness (CaCc03) 11886 24042 26690 
Ca (mg/l) 30900 6500 7400 
Mg 1079 1912 2000 
Na 7850 15400 12600 
K 182.0 290.0 ANOS C 
est 21480 40680 36780 
ALK as) Gace ZO 199.6 140.0 
SO4 1089 850.0 65.6.0 
F NA KA NA 
NO3, as N Orr <aGiont <Can) 
NC2, as N 0.03 Gare 0.03 
Kjeld. N, as N PUS\ 3) NA S05 0) 
Nd3, as N ASS), B35 S 20.0 
Tce 620 1630 1830 
Doc NA 2280 NA 
B S)5 SiO) S35 So, 35 0) 
Fe (tot) <0.04 4ELO 49.0 
Mu ib OSg IOs 30) Kas (0) 
As <0.030 0.001 <Q O1On 
Cd <0.002 <0.002 <J.010 
Cr 0.039 Os 150 0.330 
Cu 0.043 OK, Sy7K0) Of 170 
Ni <C.010 0.060 0.090 
Pb <OS Oz 0.0280 0.064 
Se <CS0S¢ <05 Gd <dCOn 
Zn 0.054 0.030 0.026 

DISSOLVED GASES 

Sapling Date: 19/10/82 
Ch4 700 
G2 NA 


eee we a a ae a ae a we ee ee a ee a a a a a ae = a ee ee = ee ee ee ee ee ee ee ee ee 


—— ee ee ee ee a a a a a a a Se = = eee ee ee 


Sampling Date: 29/05783 937 10783 
benzene 4.218 8.039 
toluene Ste 7) Ua seo 
chiorobenzene 0.047 -- 
ethylbenzene 0.046 == 
p-xylene 0.138 Ob 2s) 
o- xylene OR OMe -- 
cumene -- — 
UA Aloe Oa OUs 0.023 
Dapthalene Os 23) 7 Oh Wish} 


AGUEOUS ISOTOPES 


— mem ee ee ee mwnmn nnn nn nnn an aan a a a a a a a ee a = oe 


Sampling Date: WZ eS Ze U4 Us7.83 
Delta 0-18 {els 8 7 
Delta H-2 NA ye, 


Mieriiesuiyn (GPS is) z0 XS 
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SAMPLING POINT: UW13-0 


a es ee ee ee ee es a a eae a a ae a ee ee 


Sampliny date: 30/08/83 

FIELD DATA 
temp (C) EIPaloyes 10) 
Eb (mV) NA 
PH 5 WS 
coode. (uS) >50000 

LAE DATA 
PH 6.0 
Gonda, | (us) 115000 
hardness (CaC03) 3675b6 
Ca (pg/l) 11090 
Mg 2750 
Na 23000 
K 460.0 
eat Sooo 
Rkegas Caccs Biles 
SO4 1120 
BS NA 
NO3, as N NA 
NO2Z, as N NA 
Kjeld. N, as N BR 
Niji. aso NA 
TOS 1170 
Coe NA 
B Om 
Fe (tot) S380 
Nn 4.90 
As <0.001 
Cd <0.002 
(Ge 02490 
Gu C2710 
Ni a0 13 
Pb BK WS0 
Se <0.001 
Zn Ca 4 40 

DESSCEVEUMGAsrhs 

Sampling Date: 22/7 NO7 Si2 
CHY 400 
G2 NA 


a a a ae as cay ca als ae ees ean a SOAS ND ane aa ams | es ete Se a - eae a OTE oe e e | ms ia ae wae a et oe oe 


Sampling Date: 
renzene 
toluene 
Chiorosenzene 
etoylpenzene 
p-xylene 
o- xylene 
cumene 
152,412 
naptbalene 

AQUEOUS ISCICFES 


Sampliny Date: 19/10/62 30/08/33 
Delta G-16 == | -o.] 
Delta hk-2 NA =A 


Biepiieslibyy (405 Wis )) 90 24 


SAMPLING POINT: UK 14-1 


-——— Onn nO On ae ee = a a a a a a ae ae ae a a ee ee ee ee 


Sampling date: 2 /al0i732 037 10/33 

PIEED SATA 
temp (C) S15 (0, 215.0 
Eh (mV) -136 NA 
PH 6.82 6.85 
conde (uS) NA NA 

LAB DAiaA 
pi 7.048 6.94 
cond. (uS) 8950 10000 
hardness (CaCC3) 2733 By) 9/ 
Ca (mj/l) 700.0 255) 
Mg 240.0 PARES, 
Na 980.0 1180 
K 24.0 ASN, 
Cl 2550 2906 
Aker, as | Cacos W0.6 AYA 
So4 860.0 1110 
F Ole Thy) °0.70 
NO3, aS N 6 2 <0. 1 
NO2, aS N Si OY: <0.01 
Kjeld. N, as h 316 WAS s 
NH3, as N Bey) Dele 
Te 11 S52) 
DOC NA NA 
E Pig Ne) 1.80 
Fe (tot) 0.26 0.046 
An De Se) 0.084 
As <0 00 0.014 
Cd <0.002 <0.005 
‘exe Ome KO) 5 WAS 
cu 0.035 0. 000 
Ni <0.010 OSC 15 
Pb <0) 5 ON <0. 030 
Se <0.2050 <0.001 
Zn OS OM 0.025 

DISSOLVED GASES 

Sampling Date: ZVNOZE2 037 12782 03710783 
CHY 300 135 110 
C2 NA Nis ND 
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Sampling Date: OS7t07 2s 
betzene Qamiate 
toluene 0.126 
chlorobenzene —— 
ethylbenzene == 
p-xylene W5 O S's 
o- xylene SS 
cupene -- 
1,2,4-IMB 0.029 
Naptnalene O)65 OAS) 
AQUEOUS ISOTOPES 
Sampling Date: ZIZIO7 82 30711782 047 10783 
Delta 0-18 =—9.8 =e, 
Delta H-2 NA NA NA 


Fritaan (1.05) 10 18 g (4) 
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SAMPLING POINT: 


Sampling date: 
FIELD CATA 


Eh (mV) 


pH 

cond. (uS) 
garcdness 
Ca (mg/l) 
MJ 

Na 

K 

Ci 

Dive, nasi GaGces 
SOY 

F 

NO3, as N 

NO2, as N 
Keds NN, as N 
NH3, aS N 

HOLE 

Doc 


(tot) 


(Caco3) 


03710783 


<0.001 


NERS pg a a oe a oe Rene ee ee oo ee ——---+--— 


beuzene 
toluene 
chlorobenzene 
etoylirenzene 
b> xylene 
O-xylene 
Cumene 
1,2, 4-TMB 
Dajtaalene 
AVUEOUS ISOTOPES 
Sampling Date: 
Delta 0-18 
Delta H-2 
TLIC iu (Te Us) 


03/10/7383 


16s 3515 
1.902 
0.074 
0.714 
Gis) 3/2 


12705763 


S15.5 7) 
19) 


Cz 


aN ee ee ae = 


. = — Sa = 


ca chtus! 


—e 
ae 
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Borers 
sate se 
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tet SD Mileatase) 


SASPLING POINT: Ue 14-4 


Sampling date: 


PIELD DAA 
temp (Cc) 
Ea (mV) 
pH 
cond. (uS) 

a4Ab DATA 
pd 


GOnGsne (us) 
hardness (CacC3) 
Ca (my/l) 


NOZ, aS N 
Kjeld. N, as N 
NK3, aS N 

SOS 

DOC 

Fe) 

Rem (Got) 

Mn 

AS 


wee oe ow ow ow we oe ow we ee we oe oe oe ee ow on a oe we ow we oe ww ow ow owe ee ww wm @ we we ow ow ow = a www we ee a ww tw oo ow oe aw ow ew = = 
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Sagpling Date: 10/11783 1€0/11/783 

aaa (4) (E) 
benzepe Deron Byes ENS) 
toluene 5 (NS WW Sta 
Cculorotenzene SS == 
etnoylvenzene 0.748 Os (20: 
p-xylene 2.920 35/033 
o-xylene Us 7% 1.354 
cumene C. 038 OS 037 
U2 phe Bue sre) 1.086 lo OS 


Naptnalene C.345 0.386 


—— —_ a Ga Se 


SAMPLING PCIMNT: Uw 14-5 
Satpling date: — 
FIELD CATA 


Eh (mV) 
cond. (uS) 


conde (uS) 
haraness (CacCc3) 
Ca (my/1) 


NGZy, as N 
Kjeld. h, as N 
No3, as N 
2OKE 

boc 

E 

Few (toe) 
An 

As 

cd 

CLE 


we wm ww www ew ee ae a a a ae a a a a a a a a a a a a a a we a a a a we ww ow = ee a ew ee ee ee ee ee 


SaBpling Date: TOF ASO ors 

Serene a-—- = (b?) (A) 
benzene Ge Vsie Die. aes 
toluene 0.699 1.274 
chloroLenzete SS == 
ethylbenzene 0.1745 Qs3538 
p-xylene Ne SI's 0.549 
o- xylene OF US. 0. 360 
cugene S= —— 
UF ap seo We Os 27s 0.495 


Da,thalene O.32b 0. 134 


—n - —— = —=——s 
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SAMPLING POINT: 


Sampling date: 24705762 11705783 26710783 

FRELD DATA 
tem, (C) NA 10.0 Bilis 
En (mv) NA NA NA 
pH 0-55 6.45 een) 
cond. (uS) NA 650 NA 

LAc DATA 
pi 7244 7.64 7.34 
Conde (us) 1247 102 1530 
hardness (CaC03) 679.9 Sion 743.2 
Ca (mg/l) USS S) 142.5 166.90 
Mg 54.60 49.50 €E. 0 
Na V5 2 JUSS Coe) 
K 1.50 los 2a0 
ede 05 @, 33.4 } S}ake ut 
AlKer, as Caicos SANS 340.0 324.4 
SO4 310 ASN 53) Z)3}05 @ 
F 0.65 Os S22 20570 
NO3, aS N <ramnt Gon <Osnt 
NG nasi «0.01 <0.01 0.902 
Kjeld. N, as N <0.Z OGY Cas 
NH3, as N Oem) <0 0.2 
Toe WS 3G 5! Yes 7 
Por NA 2el 3 
B Os @ <0.04 Gaulid 
Resa (tot) D6 Vs <0.-050 0.140 
AD G6 OSs 0.015 0.025 
As <C2 039 <0.061 M5IGO 1 
Cu 0.000% <0.010 <0.005 
Sr U.007 <0.050 696 O25) 
Cu 0.028 <0.010 0.016 
Ni 0.097 OnOnS IoOVZ 
Pr O15 Os O.0bv <0.030 
Se <0.030 <0. 001 <U.001 
Zh C.270 0.420 0.450 

DESSULVie VASES 

Sawpliny Date: ISM 78) OAV WASS 
Cha Nod ND 
C2 Vo 3S 

PURSLADLE CRKGANICS 

Sampling Date: AG W725) 
benzene O.17¢ 
toluene Os5103 
Culorobenzene Se 
ethylbenzene OO 
p-xylene 0.219 
o- xylene vad 
cumene mar 
Pare tol OE) 0.204 
Naptanalene GA NO) 

ROUES US 2eSORGEES 

Sappling Date: 24/08/02 V1705/63 
Delta U-16 sli5 3 Sel 
Celta A-2 NA -48 
Tritium (1.0.) 70 70 
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SAMPLING PCINT: Uw 15-2 


Sampling date: 24709782 11/05/83 26710783 

FIELD DAIA 
temp (C) NA 13.0 CMSe0) 
Ea (mV) NA NA NA 
pH De US 6.80 WARS 
cond. (uS) NA 22000 NA 

LAE DATA 
pH VAS Ga 7.24 
Cond. (uS) 24820 24600 27709 
hardness (Cac03) PUNT 1066 1611 
Ca (mg/l) 6850.0 SJ C, 4S0.9 
Mj UAB © 62.0 94.0 
Na 5500 5 50 6u00 
K AS © Ue SC 20.30 
Gal Siiz5 9420 10100 
Alk.o, as CaGc3 276.0 308.0 294.6 
S04 780.0 38C.0 920.0 
ip 0.47 O15" 90.70 
NO3, aS N Ow 1 Gas Ca2 
NO2, aS N <0.01 <<{)5 10)? 0.92 
Kjeid. N, as N Os 7 1.4 Se 
NH3, as N eS) 0.8 O}55, 5} 
Tuc 310 1559 loss: 
Doc NA NA BNW O 
B O65 33) Os 32 Bea 37) 
Hem (eo) SO U2 0.140 O79) 
40 <0.001 0. 120 0.140 
AS <40)5 (0) 3}0) <0.001 SS OO 
Cd <0.0004 Mo hs! <0.005 
Cr 0.002 <0. 050 <J2025 
Cu <0.001 O56 Csi 0.034 
Ni 0.005 0.019 <0.905 
PL <0.010 0.005 <5 63 6 
Se <0.030 <5 OO. <0.001 
on 0.001 0.020 0.023 

DISSOLVED GASES 

Sampling Date: ASW Neves) WAZA UAE 
Ch ND ND 
C2 0.20 


we we ew awe we a we a a a a a a ee a ew ww we a aw we Se we ww ww ee a wm em ow wm = ow wm wm wm ow = oe ee =~ ee oe oe oe = = = = se 


Sa@piing Date: 20710783 207107383 

epee oy So a rile (A) (z) 
cenzene 0.224 0. 420 
toluene Oo 442 Os 192 
colorobenzeue a 4 
etnylvrenzeue Oavize OIC23 
p-xylene 0.097 0. 063 
o-xylene is SS 
Cumene Se SS 
1,2, 4-TMB Go VOR (Oe 0} 7/ 
Naypthalene VOAS 0.075 

ROUBOUS  ISOLOPRES 

Satpling Date: DUVUS 27 Oo7 oS 
Delta w-18 Sis 7 SS 
Delta n-2 NA =69 
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SASPLING POINT: Us 16-3 


=—————I————— FPSB eee eee eee ee ewe ee oo wee ee we woe eee ew eee ees oe 


Sappliugj date: 1é/05/VE3 06/10/83 

FIELD DA‘wtA 
teap (Cc) Ie RUUow 
Ea (mV) NA NA 
pH Sy 7/0) Ges 
cond. (uS) >50000 NA 

LAE DATA 
PH oe £0 6.06 
cond. (uS) 148000 150000 
aardness (CacC3) 59683 56605 
Canny) /) 10500 10400 
BJ 4550 4 300 
Na SOZo0 29400 
K 445.0 490.0 
cl $8001 84560 
ALKanias Cace3 Na 45.9 
SO4 1025 1080 
F KA NA 
NU3, aS N CNG Y S051 
hO2, as N Oe) 3 0.02 
Kjeld. N, as N NA 65.0 
NHJ, aS N B55 JU6e 
TOC 14.5 4.2 
Doc hA NA 
E Oy (20) 2l5 70) 
Fe (tot) 0.850 0. 830 
Mo 6 Be Uo he 
As 0.001 <0.001 
Ca eon <0.005 
Cr CG. 170 0.042 
Cu te 348) 0.400 
Ni Oh5 Wie 0.0C8 
Pb Us Ye 0. O86 
Se 0.002 <0.001 
Z2 0.140 Ve 036 


Sagpiing Date: 06/07/83 127107383 
CH4 150 40 
02 CD NC 


we we aw a a a ww is eee we = 


wwe ww em wee ww wm a a wm a a a ae a we ee a ee = a a ee ee eee ee 


Sappliny Date: 0€/10/783 
benzene hs io) 22 
toluene 1.504 
chlorobenzene QS 
ethylbenzene 0.105 
p-xylene 0.144 
o- xylene 0.090 
cumene 2S 
1,2,8-Ths 5 UO) 
Rhaptnalene C.0S6 

NOUDOUSEUSCUGE SS 

Sabpling Date: 16/05/7383 12/10/83 
Delta o-18 -7.3 
LTelta h-2 =IO1C 


Sipevugeoetyy (iota) NO 4 (2) 
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SASPLING FCINI: UW 16-4 
Be euccatec ge ER RTE ER NEN SERS TS 
PLEL Del Aga 


Eh (mV) 


cond. (uS) 
macadness (Cacd3) 
ca (pj/1) 


NO2Z, aS N 
Kgicids, Nz as) N 
NKH3, aS N 

ROE 


DUC 


Fe (tot) 


Sampling Date: IayIni73s 
benzeae Oe vis 
toluene We Sit 
chlorobenzene i 
etuylbenzene OSes 
}- xylene Us Sie 
o-xylene Ce ses 
Cumbene => 
1,2, 4-T&oB On575 


Daptnalene 0.026 
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SAMPLING PC1NT: UNG = 


Sampling date: 


HPI {opt 0) Jey Vahy. 
temp (C) 
Eb (DV) 
pH 
conde. (uS) 

LAE DATA 
pH 


cond. (uS) 
hardness (CacC3) 
ta (Bj/1) 

Ng 

Na 

K 

eu! 

Bikers aS CacG3 
So4¥ 

13 

NC3, aS N 

NC2, as N 
Kayedide) Nip) aS) N 
NH3, as N 

TOC 

DCc 

E 

Fe (tot) 

Aa 
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Sampiing Date: NewAlAge 
benzene 1.017 
toluene Fats We 
chiorobenzene SS 
éetnoyloenzene Oot 
E-xylete 0. 742 
o-xylene 0.174 
cumene = 
1,2,4-1MB 0.207 


Daptaalene 0. 1604 
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SAMPLING POINT: 


Sampling date: 
ELELD DA LA 


(rv) 


(uS) 


pd 

Conde (uS) 
harduess 
Ca (my/1) 


(Cacc3) 


oe 
My 


NM, as N 


es a a a a a a oe oe ee ee = 


Sampling Date: 
benzene 
toluene 
chlorobenzene 
etnylbenzene 
p- xyiene 
o-xylene 
Cumdehe 


1,2, 4-1%5 
hapthalene 
AGULUUS ISOICPES 


Delta O-J5 
Delta H-2 
iyeswge susie YU A hs} 


We/VE/E3° 25710783 


ween a em a ae = a eB a ew wm ww ee a we ee a oe ee = ee es ee eee es ow ee 


me a a a a ae a eae a ee es = ee a a ee ee 


Tes o P55) 
NA NA 
Hes SEIS 
2589 NA 
tes We) 7/5104] 
3200 2900 
629.9 698.0 
Wig sed TZisieG 
84.0 25) 
Swe 0) 400.0 
ANB Se 41.60 
sShe © 430.6 
2e¢ 14.4 (3) HAS fe 
PUSS 8) PAE SV 10) 
ies ZI) Conf OG 
<Ocn! <10)5 7 
aa) Ss <0.01 
Are 3 ASSO) 
VleaZ ZO eto 
Bs 3 WA 
1460.0 S016 8) 
3.40 35 70, 
Shes, 310) 9.70 
1s vSko 1.00 
C. 001 Oren Gron 
<0.002 <0.005 
Ge W710) <O0i25 
0.010 0.020 
G2 030 0.C43 
C. 040 << WSO Shy) 
<0.001 <0.001 
C.UG9C Os este 
25/10/83 
399 
NA 
25/10/63 
Dsl DS 
Oens 
1.454 
Cosas 
OHS) 
0.44) 
Geilo 
Oo a7 
OZ Ueyies 
Ian 
=50 
V\ 
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SAMPLING POINT: Uwl7-2 


tet ie ee 
-<—-=- ae a a a aw a ee a oe ew ee ee eee 


SaBpliag date: DAAv VAs AsyVOngys 

FIELD D&iA 
tea, (C) 16.0 710.0 
En (av) NA NA 
pH 6.85 6.55 
coud. (uS) 5290 NA 

LAE DATA 
pd Us 6 C7 
cond.s (uS) 040) 4060 
hardness (Cacc3) 1222 Sey 
Ca (M3/i) 160.0 PUA 0) 
Mg Z00.0 Ve 5 
Na $60.0 460.0 
K 86.0 29.60 
Cr 1143 902.0 
Aika eras Cactus 1746 YP int 
SU4 TVA 10S 0 
F TO 90.60 
NCS asi N O65 1 <1 Oren 
NU2, aS N 0.03 <I) 50) 
Spe Rin EIS IS °70.0 12.0 
bH3, as N Sipe. ls 5) 
Toc 1496 vA 
DEC 180.0 47.0 
3 Vio 2.40 
re (tot) 14.0 O] 3150) 
Mr Os Syne) 0. 580 
As 0.003 <0)5 GOT 
ca <UL0V0zZ O00 S 
(Gie 0.020 <O—) 0125 
Cu 0.020 Oeesit 
Ni 0.050 QSOS 
PL SOO) <0. 030 
Se 0.001 <0.C01 
Zu Ge USO O02 

DISSULV«eD GASES 

Sampling Sate: as) MOF Aels: 
CHyY SV 433 
C2 Na 

PUBKGEAELE CEGANICS 

Sa@Bpilogj Date: 25710723) 25/7 10783 

=e ae eee (A) {c) 
benzene 1.04c NE Ohsyz/ 
toluene 4 Thee 0.074 
Chlororenzene 0.439 0.362 
ethylbenzene 0. 105 0.004 
p-xylene 0.382 On BAT 
o-xylene id SS 
cuaene O16) (OES at les hs} 
1,2,4-1432 0) hae) Ds ee 
Raptnalene C.110 0.014 

MOVECUS ADSOTCEES 

Satplinyg date: 02/06/33 
Delta C-18 shy 2S 
Celta H-2 = 57] 
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SASPLINS PCINTsS 


Satpiing «uate: 
FIELD Carta 

temp (C) 

Eh (av) 

pi 

cond= (u's) 
LaB DAIA 

fa 

Conde. (US) 


haruness (CaCcC3) 


Ca (@g/l) 


PURGEAELE ORGANICS 


benzene 
toluceie 
chioruLenzene 
ethylvenzene 
pro xylene 
O-xyiehe 
Ccugene 
1,<,4-I43 
Dapthalene 


AQUEOUS ISOTOPES 


Safpiing Date: 
pelea .O= 15 
Delta d-2 


Pereteime © (TierU'er) 
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SABPLING POINT: Ue 18-1 

Sampiing date: 2/07/63 15710783 

PLELO DATA 
temp (C) NA 10.0 
Eu -(BY) NA NA 
bo 6.70 1e0S 
cond. (uS) 2100 NA 

LAE DATA 
pd 7250 7.16 
conde (uS) 1969 1700 
nardness (Caco03) 916.8 20355 
Ca (mg/l) UGC Pied IA) 
Mg 104.0 850 
Na 43.5 BIOS) 
K Wels AS V5 710 
Ck 27k ey 180.4 
Alk.e, aS CaCG3 SO Z 453.4 
so4 z00.0 251010 
F 0.65 ile e) 
NO3, aS N <AQleut <0 ami 
NU2, as N <0.01 0.02 
Kjeld. hh, as N <0 Us 
NE3, as N lo @ tes! 
ive CiieeS inleyo 
Doc 96.0 So 1/ 
B law 390 
Fe> (tot) 0.29 0. C59 
Mn 0.040 0.020 
As C.UU1 <0.001 
Cd 0.0002 <0.005 
Cr Os (0 11 2 O10 25 
Cu Osu 0.021 
Ni O15) 7 02018 
PE 0.003 <0.030 
Se <0.001 <0.001 
Zn 0.003 0.000 

PissOLVEL GASES 

Sabplinj Date: 25/07/53 19/10/33 
Cris NA 50 
O02 O.4E 

PURGEAELEC ORGANICS 

Sampling Date: VAG Zs) “EVA OWAs} 3: 

RE eee (A) (3) 
benzene Ceo4d7 Oe Ay 
toluene 1.640 1.009 
chlorobenzene SS oo 
ethylbenzene 1.145 QA S55; 
p-xylene Ze47S Ib AB 
o-xylene Vo Vas SSB) 
Cumene Ors Sis O. 185 
Ups Wate 4.2465 Zesies 
Daptaoalene C2634 0.292 

AOUBUIUS! LoOlCrEs 

Sampling Date: 28707733 
Delta (-16 —9'56 
Delta H-2 =U 
estrestoyry (las) 105 
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SABPLING PCiNtT: Uv 18-2 


_——o— oO nm me eS mm wm we we ae we ae a a a a oe we we we ew wm oe wo oe ow oe se se ee 


Sappling date: 28/97/83 20/10/53 
Pele ocm LAVA 
tem, (C) 226.0 NA 
Eh (mV) NA NA 
pH 6.85 NA 
Conde) (jus) 3900 NA 
LAs DATA 
FH een 
conde. (uS) 3890 
hardness (CacC3) NSiSeZ 
Ca (ny/l) 465.0 
Mg WO aS 
Na 260.0 
K 19.0 
(Eat SASS 7 
Alke, as Cacgs 34d.2z 
Su4 1190 
Ne 0.56 
NU3, aS N <Ont 
NOzZ, aS N <0.01 
Kjeld. bh, as N OS te 
NH3, as N eto 
Toe Gil e6 14.9 
Dove YAS NA 
E 1.60 1.80 
Fens Gco) <0-02 0.052 
Mn 0.017 0.047 
As 0.001 0.001 
ca 0.0002 <0.005 
‘Se CeOnis <(0)5 OAs: 
Cu Os0i22 5 Oe! 
Ni C.005 <0.005 
PL <0.003 <0. 030 
Se €C.001 <0.001 
ZD 0.004 0.033 
DISSOLVEC GASES 
Sagpling Date: 28/07/&3 
Ch4 BA 
C2 No 


— oee @ @ oe @ ow oem eo wm ow oe ow oo = owe ew oo & oo oo = ow wm @ @ @ @ ow ew ow ww ow oe a a oe ww a we wr eo ww a ww Se = 


Sappiinyg Dates: 19/10/83 
ceuzebe ls SVEN) 
toluene 16.307 
chlorobenzene SS 
ethylbenzene OG eS 
p-xylete 0.530 
o- xylene -- 
cumene -- 
1,2, 4-TM3 0. 239 
Daptnaiene OG U8) zh 


AQJUEUUS ISOTOPES 


om =~ awoeremeer eee oe ew em @ ww oo ww wm mmm @ = oe oe ee on ow wo ow wm ow ewww = = — 


Sam@,iiny date: PLEO) WIRES! 
Celta o-1lt& =Sh5 Ul 
Delta fi-2 -67 


Miewre soya (Oras) isict 


or. F 
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Gi Ws Laat outs 


a eo ie 
ni] +4 

& sr | 
aD eats 


SAMPLikG POINT: Uw 18-3 


Sam,liay date: 177057683 2C0710/783 
PEED Ds TA 
temp ({(C) Was 
Eh (pv) NA 
PH 720 
COM (WS) 11200 
LAE DATA 
Pu th5 Sys! oS 
cond. (uS) 14000 135/00 
hardpess (CaCC3) Siew 4332 
Caen 2) 1500 1250 
Mg 350210 ASC 
Na 1030 1440 
K 4u.C s}i5 0) 
c 4283 4022 
RKeigaSm Gacy NA 38¢.4 
Soy 1432 1300 
ja lo ¥) 90.90 
NUS, aS N <0. 1 0. 3 
NO2, as N OOM 0.02 
Kjeld. N, as Xk NA 10.0 
No3, aS N 355 Dats 
YORE Yeo 1 06.8 
boc 145.0 224.0 
E 4.20 NA 
Fe (tot) C2045 2236 
Mn Co. 140 0.060 
As 0.003 
Ca GesONat 
(Gie 0.064 
cu C0. 140 
Ni 0.023 
PL <C.060 
Se <0.001 
Zn <1 58 18) 
DIESSCOEVS D (Gass S 
SaBpling Date: 24/06/83 
Coy ND 
G2 ND 
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Sagpling Date: 20/10/7383 
berzeue == 
toluene Vata Vs 
chlorobenzene =a 
etnylvenzene 0.211 
p-xylene 0.426 
o-xylene OE Hitens 
Cu@ene -- 
Aen Say lelae! 0.271 
Daypthalene 02-206 

AQUEOUS ISOTOPES 

Sampling date: 17705783 
Delta C-18 = Sie ie 
Delta H-2 (6) =) 
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SAMPLING POINT: Us 18-5 

Sampling aate: 17705763 19710783 

FREED DATA 
tea, (Cc) 14.0 ZN0s0 
Eu (mV) NA NA 
pH Wes aS 7a We) 
cond. (uS) 49000 NA 

LAE DATA 
PH 6.90 dw eo 
cond. (uS) 66000 72000 
aardness (Cac03) 222vV0 21746 
Ca (mg/l) 6000 5700 
Mg 1760 1825 
Na 10900 10500 
K Se S) 192.0 
eqn 28740 305940 
Mika A AS (AGES NA 305516 
S04 13E& 1480 
Ie NA NA 
NU3, aS N “Oat On 
NC2, as N <0.01 0.02 
Kjeld. h, as N NA 25610 
NH3, as N ADV 2 Se 
Toc NA YA52 
Toe 120.0 NA 
B 3.49 Bic fil) 
Fe (tot) 0.083 0.084 
Mn 0.360 0.280 
AS ¢.007 0.001 
cd Ooms <0.005 
cr Oks WG) 0.034 
Cu Ge3i50 0.2380 
Ni 0.025 0.007 
Pb <0.060 <0.C030 
Se <OSOO <0. 001 
Zu 0.066 0.010 

DISSOLVE GASES 

Samjliog Date: 29/06/83 19/10/83 
CHY NC ND 
(OD ND 


PUBGEAELE ORGANICS 


Sampling Date: 19/10/33 
benzeue Oa Oma7 
toluene Us Se) 
chiorobenzene Se 
etnylrcenzene 0-029 
pr xylene 0.086 
o-xylene SS 
cupene -- 
1,2, 4-TM3 QSOS 
Dapthaiche 0.071 


AQUEOUS ISOTOPES 


Sa@plang Date: 1W7S7 33 
Delta 0-18 =4153 
Delta H-2 -39 


IOsaieoune (GEA) zo 
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SAMPLING POINT: Ow 19-1 


Sampling date: NEe7 US7836/057083 22/11/83 

FRELD) DATA (A) (3) 
temp (C) 10.0 Ba NA 
En (mv) NA WA NA 
pH 6.55 Na NA 
cond. (uS) 2680 NA NA 

LAr DATA 
PH 7.08 Was VEO 
conde (uS) 3980) 3630 3800 
hardness (Cac0O3) 1299 IIe 12387 
Ca (oj/l) Zz\Sq (0 Shs] 56 5) 334.0 
SJ WU-AS &) 107.5 110.0 
Na 3905 0 370.0 30s 
K Us AS 13.0 19.80 
eal Silize0 S56) 710.0 
AbKe 7 as) Cacc3 NA NA 400.2 
SO4 640.0 Sess 645.0 
2 0635 NA 0.36 
NU3, aS N Vier —GOent <“Oant 
No2, as N <0.01 <iQp10n <0.01 
Kjeld. \, as N ley 1.3 Py 
NH3, aS N 5 oS Us 
TOC NA Na NA 
Toc NA 85.0 3.4 
B Oomz 0.04 Os73 
Fe (tot) Pha (20) A 0) Aa) 
Sn Ol S72 0.550 0.450 
AS Qe O00) <0-001 
Cd <C.010 <0.010 0. C003 
CE <90.059 <0. 050 0.004 
(EM 0.020 Os a: 0.019 
Ni 0.023 0.022 0-003 
PL <0. 000 <U- 060 0.003 
Se Oa010n 0.001 <0.001 
Zu 0.110 O4 VAC 0. 150 

DISSOLVEL GASES 

Sampling Date: 29/00/53 
Chy ND 
C2 0.40 


Sampling Date: Zefa a7Zes 
beuzere = 
toluene 0.207 
chlorobenzene cs 
etoylbenzenhe == 
p-x)lene Ms Ke 7) 
o- x ylete SS 
cumeue 2S 
Vee 4-1 0.027 


naptoalene ie 
AQUEOUS ISOTCPES 


Satpling Date: 16/05/03 16/05/83 

otal et ia eres tg (A) (B) 
Delta U-13 -9.9 V5 7/ 
Delta H-2 <A -64 
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SAMPLING POINT: Ow 19-2 


= re a a a ea a ae a a a a a a a ew oe we = 


Sampling date: 


FIELD DATA 
temeE (vc) 
Eo (mV) 
pH 
conde (uS) 

LAB DATA 
EH 


coud. (uS) 
hardness (CacCC3) 
Ca (Bj/l) 


BhO2, aS N 
Kjeld s, as hb 
NH3, aS N 

TOG 

Doc 


Fe (tot) 


PURSEABLE CHsANICS 
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Sampling Date: 22/11783 
beuzenue 02053 
toluene Cason 
cnloroblenzenbe SS 
etoyloenzene 0.030 
p-xylete es Ue 
o- xylene =S 
cumene 3S 
Une pt ee 0.080 


oapthalene Comm 
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SAMPLING PCINT: 


Sampling aates; 
FIELlv DATA 


(mV) 


(us) 
LAbd DAA 
ise} 
conde (u5) 
haltuhess (CacC3) 
(ay/1) 


hO2, 
Kjeld. 
NH3, 
TOC 
vcc 
E 
Fe 
Mn 
As 
Cd 
Os 
Cu 
Ni 
PL 
se 
Zn 
DESSOLVeD: GASES 


as N 
N, 
as N 


ac h 


(tot) 
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Sapling Date: 11/10/783 
benzene iWs4o09 
tuiuene S}65 toy Sy) 
ciloroLenzene =o 
ethylcenzene Omz224 
p-xylene 1.599 
o-xylene 0.470 
cupehe 0.028 
1,2,4-183 0.541 
Dapthalene 0.186 

ACUERCUS ISCGTICEES 

Sabo ny Dates 11/08/33 
Delta U-18 6. 1 
Belta d=2 -5o6 
Fea aaEin TTA Way 82 


Ji WAGE: 


32013 


0.296 


ther WAY 
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O. 26u 
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SBMPLING PCINI: Uw 19-4 
Satpling date: ‘ 
FIELD CATA 


temp (c) 

Eh (mV) 

pH 

conde (uS) 
LAE DAIA 

FH 


coud. (uS) 
haraagess (CaCC3) 
Ca (mg/l) 

AY 


Bikey, as Cacces3 
SO4 

iF 

NU3, aS N 

NU2Z, as N 
Kjela. N, as N 
NH3, as N 

Tow 

DUEL 

E 

Fe (tot) 

Si 

As 


PUBRGEAELE ORGANICS 
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Satplinj vate: APY NWS 
benzene aS 
toluere E.458 
Cculorobenzene 0.134 
etaylienzene Gaya 2 
p-xylene 02621 
o-xylene 0.093 
Cugene a 
1,2,4-TMB Oi Sele 


napthalene 0.459 
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SAMPLING POIXT: ie feud 
Smee cate | EO re ee 
FIELD DATA 


Eu (gv) 


cond. ({uS) 
LAB DalA 


cond. (uS) 
harduess (CacCC3) 
Ca (By/1) 


Alk., as CaCcCO3 
SO¥4 

I 

NU3, as N 

NU2Z, aS N 
Kjela. N, as N 
NH3, aS N 

TOS 

Doe 

E 

Hey [Rs@)igh) 

AL 

As 

Cd 

Gr 
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wee wm a we we a we ae a a we a a a ew we we ww a ww we ee ae ewe ew oe oe ee ow ow oe oe ee ee ne ee 6 ee ee 


www mw mw — @O wm wm wm wm @ om wm om em om ee on = ee ee ee ss = | ee ee ee eee ee ee 


kenzene 
toluene 
chlorobenzene 
ethylbenzene 
p-xylene 
o- xylene 
cugene 
1,2,4-1MB 
Dapthalene 
AQUEOUS iSUITICFES 
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SASPLING DATE: Sy yAcls) ryZelsy Aare 
Delta c-18 -7.9 -8.1 
Delta H-2 =62Z -62 


Tritium (1.U-) Sa) 53 
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SAMPsIbs PCINI: i) ROIS 9 


www wm mee ew 
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Sappling aate: 28707783 
FIELD CATA 


temp (Cc) BSN (0) 

Eh (mV) Na 

pi Ue 

cond. ((usS) AES, 
Lac DATA 

pi 


cood. (uS) 
harduess (CaCC3) 
Ca (Hy/1) 


NO2, as N 

Rejeide ON, sais IN 

NH3, as N 

Toc 341 


Zn 02291) 


wee — mw wo we aw ee we es ee weer err SSO OS Pe 8 Se ww ww rw wo ow oe sw ee oe an. 2 a ee 


Sampling Date: 28/07/83 


wwe wm em aw me aw owe = 


CHY NA 
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Sampling Cate: 29711763 
benzene ; C.080 
toluene 0.410 
Calorobenzene 15 77s 
ethylbenzene (Os atti 
p-xylene 0.2284 
o-xyleue eras 
cumene Oana 
1,2,4-TMB he Shs! 
faptnalene S5UZ5 


AQUEOUS 1ISCICPES 
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SaGpling Date: 26/07/33 
Delta G-18 -10.8 
Delta i-2 -76 
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SAMZLINsS ECINI: Geos 


SaMpiinj aate: tc/vs/es 25719763 

FIELv DATA 
temp (C) JAA 
Eo (BV) NA 
Fu 6. 10 
GO (US) 250000 

LAE DATA 
pH 6.70 6.61 
conde (uS) 112000 108000 
batduess (Cacos) 41650 38275 
Ca (pg/l) ALIS OO 10300 
MJ St Uisy, 3050 
Na 16400 15100 
K 3000 AOU SO 
I! 61400 5Zz44C.2 
Alk., as CacCC3 NA 107.0 
SO¥ 1200 1150 
F N& NA 
NO3, aS N “Olen W6% 
NUZ, aS N 5 Oz 0.00 
Kjeld. N, as N NA 45.0 
NH3, aS N 3953 3760 
TOc 360.6 NA 
DCC NA NA 
ie 0. 00 6.90 
res (tet) ere Eke uly, 
Mn 1.60 lo SZ 
As <0.001 0.001 
Cd <0.010 <0. 002 
els 85 38) Os EU 
cu 0.759 02.320 
Ni Oe O16 <0.010 
Pb <0.060 <0. 030 
Se 0.001 <U.001 
Zu 0.073 0. Oo0 

DISSOLVED GASES 

Satpling Date: 29/06/83 
Cy NC 
C2 ND 


SaGpiinj Date: 24/10/33 
beazene 0.653 
toluene 22004 
chiorovenzene =a 
etnyloenzene ds203 
E-xylene 0.605 
o-xylene 0.256 
cumene —— 
Un Ao Cals! 0.456 
Day,pthalene 0.274 
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Sampling Date: lg Us7Z33 50971 1783 
Redd G= 15 Sie 7 
Delta H=2 -62 
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SAMPLING POINT: Us20-5 


ween SSS Sn wm wm wm wn wm oe 0 an 0 ~ on ~ oe ow = wee ew ww aw ow oe aoe ee 


Sampling date: 24710783 

FIELD DATa 
tem, (C) Us ©) 
Ea (mV) NA 
pH 6.10 
COD den (Us) NA 

LAE JATA 3 
pH 6.22 
SOUGe Guo} 1050990 
hardness (CaCO3) 36730 
Ca (nyg/l) 10600 
Mg 2500 
Na 16700 
K By IA ©) 
cL SA SKE 
Alka, as GacGG3 110.6 
So4 840.0 
F 21 (0) 
hO3, aS N GeizZ 
NLc, as N Onno 
Kjeld. N, as N 70.0 
NH3, aS N SIGS) 
TOG NA 
DUC 3300 
E Zi5 60 
Fe (tot) 13.0 
Mo 2.60 
As OZO0s 
Cd <0.005 
(Gie Cera 
Cu Ole, By 
Ni ONO) RLS) 
Po 0.054 
Se <0.001 
2D 0.030 


— <n ow ow we oe wee ww om ow we ww em @ ow om wm oo ow ow ow oe we oo oe ow ow ow ww oo ow we ow ww ow ew wm = ww ow ee a oe eo ww ew ww ew ow = 


Sampling Date: 24710733 
penzene 3.509 
toluene Sieeizs 
chlorobenzene 0.010 
etuylcoenzene 0.409 
y~ xylene 0.487 
o-xylene Oso 
cumene 3S 
1,2, 4-TMB a WAZ 
Dapthalene 0.497 

AQUEOUS ISOTOPES 

SaGplinyg Date: 29707783 
Delta 0-18 -t.4 
Delta H-2 -56 


Meriga curl “(Gls Its) 40 


SASFLING POINT: Uwsz1-1 
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Saaplinyg date: 20/09/83 

FlceLlvb D&AlA 
temp (Cc) ABI NO, 
En (mV) NA 
pu an’) 
Gouge | (0S) 4000 

LAzc DATA 
pH He WS 
CONG. 5) VFO) 
hardness (CacC3) 2424 
Ca (ny/1) STs 0 
My YssiaW) 
Na Sr Olen 
RK Us 78 
ie WV 
NWR A ENS) TECKTES 264.6 
SO4 1850 
F 0.93 
NGOS; as N S06 1 
NO2, as N <0.01 
Kjeld. N, as N NA 
NH3, as N Te7 
Tor 524 

PEC Sret 
3B Grarg2 
Fe (tot) 0.026 
Min 6.0658 
As 0.060 
cd <0.005 
(ie <0.025 
Cu CenOwg 
Ni 0.014 
Pb Go Ws)e) 
Se <0.001 
Zo 0.0195 

DISSULVED GASES 

SaBpling Date: 20709/53 
Ca4 100 
C2 NOD 
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Sampling Date: 20/09/83 20/09/83 

ET a ad titi als (A) (B) 
benzeue 0. 063 D6 Wz 
toluene 3.005 ss 3OU 
chloropenzene 0.006 Se 
etaylbenzene 0.014 0.045 
p-xylene 0.0c1 0.048 
o- xylene oy ©) -- 
Cudene (O}5 (OHO) 7) =< 
1,2,4-Th3 0.108 0.050 


Lapthalene 2S SS 


Se ees Go 
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SABPLING POINT: 


Sam pling date: 


FIELD DAla 
ten, (Lv) 
Ea (mV) 
pH 
cond. ({uS) 

LAB DATA 
rae 


cond. (us) 
bardness (CaCC3) 
Ca (By/1) 

Mg 

Na 
K 
cl 

ALK. 7 aS CaC0s 
SO4¥ 

F 

NOS as) N 

NO2, as N 
Kjeld. h, as bh 
NH3, as N 

Toc 


Doc 


5D 
Fe (tot) 
Ai 


Sagppling Date: 
fenzene 
toluene 
chioroLenzene 
etaylpenzene 
p-xylene 
o- xylene 
cumene 
1,2, 4-143 
Dapthalene 
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S07 Way Als) 
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Os09 
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19.608 
ey a} ake 
0.150 
4.845 
Seulie2 
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SAMPLING PCINT: 


Sappling uate: 
FIELD CATA 
temp (C) 
Eh (av) 
PH 
cond. 
4AB DATA 


(uS) 


(u S) 
baraness 
Ca (ay/l1) 


Ke eldeu Needs oh 


Zn 


nr wm wm ww oe oe oe 


toluene 
Calorotenzene 
etaylbenzene 
p-xylene 
o-xylene 
Cumene 
1,2,4-1MB 
Dapthaiene 
AQULOUS 1SCICPES 


Delta C-1b 
Lelta H-2 
erie TE (10s) 


(Cacc3) 


Se es Ge ee 


20.0 UZle@ 
NA NA 
6.15 6.60 


NA >500C0 


6. 10 6.30 
136000 142000 
£2644 54500 
15000 15000 
3700 4250 
25000 26600 
535.0 apes o 
75160 82360 
42.6 44.8 
1200 1010 
NA NA 
ot 2 <0o4 
0.02 0.03 
NA 552.0 
45.5 4725 
91.3 Na 
375.0 260.0 
4.60 4. 380 
15520 8.70 
1.990 1. 20 
0.001 0.003 
<0. 002 <0. 005 
0.040 0.037 
0.50 0.490 


Saar cand ace nares ge eee em ne ec tue Sas sss 


(E) 
2-050 
60.3985 
0.601 
Wo WE) UL 


0.053 
02122 
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Beg he BS a00n 
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SAMPLING PCIBT: UWwz1-5 


Sagplirg date: 21/09/33 

FIELD CATA 
tes, (C) NA 
Eh (a V) NA 
pd NA 
GOudem (urs) NA 

LAE DATA 
pH Ge IZ 
conde (uS) 15400 
hardness (Cac03) 4042 
Ca (pg/1) UEC 
Ng 285.0 
Na 2500 
K YS 
cE 6170 
Alka as Caccs WAG # 
SO4 AS @ 
F Ne SS) 
NO3, aS N <Olent 
NU2, aS N 0.03 
Kjeld. Nh, as N 65510 
NH3, as N 14.8 
Toe 10000 
Tuc 8600 
B NA 
Fe (tot) to Vale! 
Sn 0.330 
As NA 
Cd NA 
(Ge NA 
Oi NA 
Ni NA 
Pb Na 
Se NA 
Zn NA 


weeeew eee «ow ee ee ow oe oe ww www = = ow ew ee = wn = oe we ae a a ew oo we oe ow ow = = 


Sampling Date: FO) Wag tals 
benzene Us sii 
toluene 166.613 
ColoroLrenuzene Do SBHY 
ethylbenzeue 0.146 
p-xylene 0.402 
o-xylene C.210 
cumene SS 
1,2,4-TH3 0.051 


Dapthalcne O=10) 13 


SASPLINS PCINT: Ub 22-1 
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Sampling date; 31710783 31/10/83 

F1Eiv DATA (A) (2) 
temp, (vc) ec Wes 10) 
Ea (av) NA NA 
FH 5 SS: >) 
cond. (uS) NA NA 

LAE DATA 
pd 6.70 6.70 
GOT (2S) 9600 9800 
nardness (CacC3) 2937 2962 
Ca (9/1) €50.0 840.0 
Mg PENS &) 210.0 
Na Heley5 (0 1010 
K 73.40 74.0 
cr 1507 150z 
AvKelp as Gacos 1686 18609 
SO4 POSS) 2020 
F 90. 80 °0.85 
NU3, as N Ve Oi 2 
NU2, aS N 0.02 <0.01 
Kjelds oN; as Nh 190.0 US S10 
NH3, as N 168.90 1b3.0 
TOe NA NA 
DUC 136.0 136.0 
E 7240 Tiere 
Fe (tot) Os 17.0 BW eo 
Ma 0.047 Qe Oly 
As 0.001 <0.001 
ca <0.005 <0.005 
Be 0.023 0.014 
cu 0.003 G5 OS4 
Ni 0.043 0.044 
Pb <0.030 <0. 030 
Se <0.001 <O/s O00 
Zn C2017 Os Oat 

DISSOLVEv GASES 

Sapplinj Date: 3710783 
ces 590 
C2 NA 
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Sampling Date: B1/10753 31710753 

SSS SS ee (A) (8) 
beuzeLe Jars Nsie 22974 
toluene 1.004 ie WES 
chlorobenzene a ee 
etoylbenzene 0.089 0.819 
p=x1y Lene 6 BS! 6 SIO 
o-xylche 0. 7b) 0. 830 
cumeue 35 == 
1,2,4-193 0.438 0.501 
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SAMPLING POINIT: UW 22-2 


Sampling date: 31/10/33 

FIELD CATA 
temp (C) NA 
Ea (mV) NA 
pH 5-80 
GONnde. (US) NA 

LAS DATA 
FH 6.17 
Goud. (u's) 122000 
hardness (CaCC3) 4078S 
Ca (oy/1) 10400 
Ag 3000 
Na 19800 
K EH0e00 
(eat 538220 
Alk.e, as CaCo03 184.0 
SO4 1200 
F Le (0) 
NU3, aS N Pc (0) 
NO2, as N OOS 
Kjeld. N, aS N Ua5 8) 
NH3, as N 6 Ol 
iGc NA 
Doc NA 
B Ta0 
Fe (tot) C2040 
Mo 0.390 
As C.001 
Cd <O0'0)5 
cr OsOz7 
cu Cage) 
Na <0.-006 
Pb 0.045 
Se <G.001 
Zn 0.00% 

DISSOLVED GASES 

Sapling Date: Bale 10) isis! 
CK4 370 
G2 NA 
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Saupling Date: ZV, 10/783 31710733 

a ar manana (4) ( E) 
renzene Sea BO 
toluene 7.408 8.000 
Chloruvenzeue 2S Ss 
etuylreuzene Omes25 Wes h27/ 
E- Xylene (0) SVE) 0.359 
o-xylene =S aS 
Cumene -- -- 
1,2, 4-TMB 0.241 0.176 


Rapthalene Osze1 5 AOS 


> CO e———.¢ SS 


oe teasGee = 
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SASPzsING PCINT: Uw 22-3 
Sabpiing aate: 317 10/63 
FIELD DATA 


temp (C) NA 
Eh (mV) NA 
pa NA 
conde (uS) NA 
LAt DATA 
pH Vea 
GonGer (US) 34100 
nardness (Cac03) 7400 
Ca (ug/l) 2125 
Ng SOs 0 
Na 5000 
K 193.0 
el 1306€0 
Bike as Cacc3 22 te.O 
SO4 E010 
12 NA 
NO3, as N Oe4 
SO2Z, aS N 0.02 
Kjeld. hk, aS Nh S050) 
NH3, as N S/I5 8) 
LOS NA 
COe NA 
3B NA 
Ke (tot) Oe.25 
Sn 0.60 
AS NA 
ca NB 
CE NA 
Cu NA 
Ni NA 
Pb NA 
Se NA 
Zu NA 
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Sapplins Date: OS Zin 23 
benzene 0.029 
toluene BG VOY 
Chaorolenzene 0.016 
ethylbenzene 0.720 
p-xylete ib Sse 
o- xylene We URE 
cumene 2S 
1,2,4-1MB 0.3350 


LRaptaalene Co E4E 


—— —=— 2.62.2 
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ee 
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SAMPLING PCINI: Ow 22-4 
ack, | PRR R Ree wees re oe cn ko ren ee ee 
PIED CATA 
temp (C) 
Eh (mV) 
pi 
Conde (uS) 
LAE DATA 


conus (uS) 
narduess (Cac0d3) 
Ca (njz/1) 


PURSGZAELE ORGANICS 

Sagpling Date: alos es 
benzene = SiMe 
toluene USA a Ae 
cnolorobenzetbe = 
etnylbenzene 5 SHOKe 
p-xylene USiGcts) 
o-xyleue Go SSN 
Ccumene OR AUS 
1,2, 4-TMB Oe, SYS 
ba,thalene 0.441 


SABPLING PCINT: Un 22-5 
Sampiing date: 037 11783 
ELELO DATA 
tem, (C) NA 
Eu (nV) NA 
PH NA 
coud. (uS) NA 
LAb DaTlA 
pd 6.33 
conde (uS) 45600 
hardbess (CaCC3) 109s 
Ca (mg/l) PROS 0) 
Sg 46.0 
ha 760.0 
K ZOR 0 
Ci 1316 
Alkc ,) as Gaco3 146.8 
So4 SEO © 
F 99.90 
NO3, as N 0.4 
NO2, as N 0.02 
Kjela. N, as N 100.0 
NH3, aS N 54 
TCC NA 
DOC NA 
E Ones 
re (tot) 1e50 
Mo C. 130 
As <0.001 
Cd <0.9005 
ce 2e0 
Cu 0.021 
Ni Ole 18) Ws 
Pb <0.030 
Se <C.001 
2n 0.0600 


weee es ee ow @ — eee ow we ow we ow ow we owe oe ow oe oe ee on oe oe ee oe ow ow wr me oe ow ew ee ow ww a we ww ew ow or a = aw ow ww = = = 


PURSGCASic CRGANICS 
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Sampliug Cate: O27 AN S3 
renzene == 
toluene 264.249 
ColorobLenzene = 
etnyibenzenre 0.271 
p-xylene fo DA 
o-xylene 02425 
cumele ie 
Veet iMp OBESE 
Qaptaalene 0.451 


dK? Vee 


Ter. Cat 
Ce 
a ee | 
ie 40 
Faw 
*te.8 


SAMPLING ECINI: Uw 23-1 


www wm wm mew eee = 
—— ee em mw a ae wm we er oe ee we me a ee ow oe we we we oe oe 


Sappling date: 28/09/83 

FIELD CATA 
temp (C) 16.0 
Eh (mV) NA 
pH 6.60 
COlGe (US) 10500 

LAB DATs 
PH 6-80 
conde (us) 1660 
harabpess (CacC3) 5) Pash 
Ca (ng/l) 15Cc0 
Mg 5)7/ Spe) 
Na 1820 
K 45.0 
cl S fe D 
Alx., as CatC3 2.3 
SO+ 1600 
F 90.90 
NO3, aS N Or 
NOZ, ‘as’ N 0.02 
KaedseeN yas) N NA 
NH3, as N 20.0 
JOS NA 
wuc NA 
ie Zz. 70 
Fe (tot) 0.200 
Au €. 160 
s 0.002 
Cd <0.005 
CE G.120 
Cu 0.060 
Ni 0.010 
Pb <0. 030 
Se <0.001 
2D 0.020 

DESSULVEL GASES 

Sampliny Date: 23705 7123 
CH4 140 
G2 NC 
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Sampling Date: ZeyVOsPes2e70s7es 

eee (A) (E) 
benzene Us SS a O-41z 
toluene Sere lie 35 UA, 
Chaorobenzeue == od 
etnylvenzene 0.083 O)5 B57 
f-xyleue Oeatsio 0.082 
o-xylene 0.022 a 
Ccumene -- eae 
1,2, 4-THB Crem re 0.049 


Daypthalene => 0.040 


—— a, a eS & 


oat 


t. ladvew ose . 


——_—— = => 


- 


SAMPLING PCINT: 


SaBpling date: 
FIELD CATA 


——ew ew ww ww em = 


Eh (mV) 


cond. (uS) 


hardness (CaCC3) 


ca (gmyj/l) 


Gus 


Alx., as Cac03 


SC4 

Bg 

SO3, aS h 
NO2, aS N 
Kjelde hy as 
NH3, aS N 


BemnCtO) 


Zn 


Sabplinj Date: 
benzene 
tolueLe 


chlorobenzene 


etaylrenzene 
b- xylene 
o-xylene 
cumene 
1,2,4-T45 
Dayptnalene 


we ww mw ee Bw ww wee ee we ee we ee ae a we a ew ae a ee we ee ee oe we we ee ee 


224.0 NA 
NA N& 
6.30 NA 
NA NA 
NA 6. 80 
NA 114000 
NA 43180 
NA 10300 
NA 4250 
NA 138300 
NA 29C.0 
NA 59440 
NA SiSs6 
NA 1150 
NA NA 
NA <Oom 
NA 0.03 
NA 55610 
NA SJ S510) 
14390 NA 
NA KA 
Blo sha) NA 
NA 0.42 
NA 0. 490 
0.001 
<0.005 
02420 
Oise. 
<021005 
Ce03'0 
<0.001 
0) Ss! 
29/09/53 
360 
ND 
20/09/83 
NA 
16.842 
2373 
0-426 
AS) 1 
A BAF 
0.004 


SAMPLING PCINI: Us 23-3 


es ee SE A ae Se em se | say Ses (Can [es ce em ak cer “Ss eos eS es ms Se ms ese e ww ww MW wm em ow owe oe 


Sampling aate: 26709733 

FEO. DADA 
temp (C) GANS 
Eb (@V) NA 
pd 6.40 
Gond., (uS) >£0000 

LAD DATA 
PH 6-210 
conde. (uS) 110000 
hardness (CaCcC3) Q1osC 
Ca (my/l1) 11500 
Mg Sas10 
Na 17300 
K z70.0 
Ci 57460 
AlkKs,) as Cacos ple .0 
So4 838.0 
F NA 
NC3, as N <Om | 
NO2, aS N 0.02 
Kjclid. N, as N 40.0 
NH3, as N AGS 
TOE Sites 
coc NA 
B 35 Aw 
hee (tot) 10.0 
Sn Paes PRO) 
AS 0.002 
Cd <0.005 
cr Ossian) 
Cu 0.240 
Ni 0.009 
Pb 0.026 
Se <0.001 
Zn Come) 
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Satpliusg Date: 28/03/33 
Eenzene 5.945 
toluene Visio (oer 
ChloroLenzene == 
ethylbenzene 0.216 
p-xylene 0.643 
o- xylene 0.234 
cumene = 
1,2,4-163 0.324 


naptLalene (Ga Wes 


Pa 
(ar ive 
(G-.8 
>> 
2 
7 s2 Os 
100.63 
ee 


SAMPilbs PCINT: 


Sagpling aate: 


FIELc CATA 
temp (C) 
Eb (mV) 
pH 
cond. {uS) 

LAE SATA 
pa 


Conde (uS) 


harduess (Cac03) 


Ca (mg/l) 


NO2, as N 


Kjeld. N, as N 


NH3, as N 
HOKE 
Doe 


Fe (tot) 


DISSOLVziD GASES 


Sampling Date: 


Sagpliuy Date: 
cenzene 
toluene 
Calorobenzene 
etnylbenzene 
p-xylene 
o- xylene 
cumene 
V2.9 — Tic 
DRapthaiene 


UW23-4 


eee —-<—<--— 
=- = een ae a a a a a wm ow ww we ee oe oe es oe 


29/09753 


NA 
NA 


ewe we we wm oe oe ee we = = oe wwe eo ee ow ew oe wr em ww wm we oe ow a we we a a we ee = ee ow oe ee oe oe oe oe = = 


eae ee See & ee oe eee oe oe @ eee @ @ee @ @ we o ow ow @ eo ww em oe ow = = 


25709783 


[Mais ates 
130.611 


0.564 


Us). 
AS Vash t) 
Osiz2 


a oO 


 « - 
tends Soh sOme 


—— ne 


7 err) 
ihe hr: 
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SAMPLING POINT: 


Sagtpling date: 


FIELD CaTA 
temp (C) 
Eh (mV) 
pH 
conde (uS) 

LAE DATA 
pH 


COhde (uS) 


NOz, as N 


NH3, as N 


ZD 


Sampling Date: 
benzene 
toluene 


chiorobLenzene 


etayibenzene 
f- xylene 
Oo-xylene 
Cum@ene 

1,2, 4-T58 
Bapthalene 


w eww memes - — 
_-—<- we wm MM wm mm wm om ae ae a a ee a a ewe ee ow ee nw oc oe se 
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EVA NCA EIS: 


-SAMPilhs PCINT: UW 24-2 


=——— ee OO POS © OO Ce fee oe ewe we wees wee ee ewe wee e eee = oan = = 


Sampling aate: 13/10/33 
FIELD CATA 
temp (C) NA 
Eh (mV) NA 
pu NA 
conde (uS) N& 
LAE DATA 
pi 


Conds "uS) 
aardness (CaCu3) 
Ca (mg/l) 


Dike, as Cacc3 


NO3, aS N 
NO2, aS N 
Kajerderay, ds N 


em ow we we we we awe es a we ae es a a ee a we ew ee ww ew we a ww a ww a a a a ee we = =- 


Sampling Date: 
benzene 
toluene 
chlorotenzene 
etnylLenzene 
p-xylere 
o-xylene 
Cugene 
1,2, 4-140 
Napthalene 
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SAMPLING PUINT: Us24u-y 


we ewww wm Me ee ee - 
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Sampling date: 17710783 1$/10/783 

FIELD DATA 
temp (C) NA 
Ea (mV) NA 
gel NA 
Conde | (Us) NA 

w2AB DAA 
pd 6.7% 
cond. (uS) 122000 
hardness (CacC3) eT s5 
ca (Bg/1) 12700 
Mj 4000 
Na 19900 
K SOO 
Gi 62120 
Mika pn C8 AeoE Usa 2 
Soy 1080 
t NA 
NU3, as N ila 
hO2, aS N ls (0) 2 
Khjgeld. N, asc N Sys (0) 
NH3, aS N Were 
Tuc 870 
Toc 1420 
je Seo 
Fe (tot) 0.140 
Ma OF ers; 
AS 0.001 
ca (0h MOS 
Qe Os sho 
cu Ceri 
Ni 0.000 
Pb 0.050 
Se <0.001 
Zn 0.053 

DISSOLVED GASES 

Sampling Date: 19/10/33 
CH4 750 
C2 Na 


PURGEAcCLE CRLANICS 


eweeewew ew ee oe ee oe oe ee oe oe = ew = ee = om ow a ae we a a a a a we a a we we we = = = 


Sampling Late: 19/10/83 
benzene —— 
toluene aba) Sits) 
colorovcenzene =< 
etnylxuenzene Des Wee? 
p-xylene On2Z2S 
o- xylene 4.309 
cumene Se 
UnZ phe sues! 0.050 


Uaptoaiene ac 


é veers © | 


i c2e0cjusw@ 
soetév cl) ase 
oiai fr-s@ 
sdulya-o 
>aeere 
cag~+. yt 
Phéeta 1688 


SASPLING POINT: Uw26-1 
sonar cen SOU © SS eae a ane ea ae eras 
Peep VA LA 

tea, (Cc) 

E (av) 

pH 

cotde (uS) 


coude (uS) 
harunbess (CacC3) 
Cam. (m4i/5) 


Kjeid. N, as N 
NESipeeaSien 

LoS 

Duc 


Fe (tot) 
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Sampling Date: 14/12/33 
benzeue ts he 
toluene Zeger 
Colorotenzene Wie BEX) 
€taylpenzene USA (olste 
p-xylene POets sc 
o-xylene Sly / SS: 
Cumene Zeloao 
1,2,4-TMB 18.3351 


Dapthalene 131.670 


2° ©o >! 


(usm Same 


bd pt fo 3 
ewe  eesiee ‘ 
vo | 4 
eAel(a* 
ot tes 

tAToo® 
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SASPLING POINT: Uwz7-1 
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Sampling date: 0&709783 2670¢,83 

FIELv DATA 
temp (c) 234.0 20.0 
En (av) NA NA 
pH 6.60 6.35 
cond. (uS) 5900 6000 

LAE DATA 
pH V5 Tee 6.60 
cund. (uS) 9200 9400 
hardness (Cacc3) 2611 5) 5 \Sye) 
Ca (ng/1) VAS 1090 
Mg UE 0 210.0 
Na 17125 VOSO 
K WE 5 o 160.0 
Gl 1S4a4 1558 
USS ERY EERE? 129 1341 
SO4 1675 1938 
3 B05 TA 90.90 
Nu3, aS N <0) <Olent 
Nuz, aS N es 0) 72 <0 ON 
Kjeld. N, as Nh NA 145.0 
NH3, as N NZoe0 V2050 
Icc 90.90 99.3 
LORE 90.0 HY 728)5 0 
B (oye 7/10) 5-80 
Fe (tot) 1240 0.450 
50) 0.260 0. 180 
As 0.001 <0.001 
Cd <OS 00S S05 005 
(Se SOs» <02 025 
Cu 0.071 0.030 
Na 0.052 0. O40 
Pk <0.030 SOs GAO 
Se 0.008 <0. 001 
Zn 0.019 0.063 

DISSOLVeL GASES 

Sa@piing Date: US US733—2770978 3 
Cid NA 360 
02 ND Nod 


Sagplirg Date: AU ie) BUS) Bhs) E 

YT [= ke (A) (3) 
benzene 1.086 Nero oiZ 
toluene 0.65U 0. 662 
Chlorobenzene 0.038 2 
etaylbenzene 0.902 1.719 
p-xylene 1.40E VaGl> 
o- xylene 0.022 0. 639 
cumeue 0.064 Oensis 
1,2,4-TM5 tls OO) Ths 21S 


Raptoalene 0.192 0.098 
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SAMPLING PCINTI: UW 27-2 


-— -_ _ 
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SaBpiinj date: 08709/83 26/09/83 27/09/83 
FIELD UATA 
ten, (C) NA NA NA 
Eh (mV) NA NA NZ 
pH NA NA NA 
Conde (uS) NA NA NA 
LAB DATA 
EH be40 A 6.70 
conde. (uS) 136000 NA 135000 
Barapess (cacc3) SAMOS NA 5€250 
Garay 7) 14000 WA 15600 
My 4200 NA 4700 
Na PASTE SHS, NA 20000 
K 310.0 NA 430.0 
cl 73080 NA 72840 
AlKke, aS Cac0s Bie NA S55 [e 
Su4 730.0 NA 800.0 
iP NA NA NA 
NUO3, as N hes 5} NA <0. 1 
NU2, aS N Oe0r7 WA Ga10!2 
Kjela. h, as k NA NA 3015 0 
NE3, as N Syilo () NA 45.0 
BOGE Oa 3S Wes OS ¥/ 
DUC Na NA N& 
Ee Sis lei) 4. &U0 NA 
Fe (tot) 3h5 Fe Na 0.50 
Mn 16 QC NA ens 0 
AS Onion 02007 
Cd <0.005 <0.005 
(Cfe C.090 0.420 
Cu 0.40 0. 230 
Ni 0.020 <0) 0:05 
Pp 0.087 <0=) O30 
Se 0.006 <Q ci0n 
Zu 5 OS Vo Oe 


Sampling Date: 267097835 26/09/7833 

ine oS: (A) (3) 
benzene Ge 241 0.053 
toluene OS isc Dey Wee! 
chiorobpenzegne SS = 
ethylbenzene 0.140 0.0232 
p-xylene C.374 0.056 
o- xylene 0.304 == 
cumene O}5 AZ| a 
1,2,4-143 MB VTE 0.002 


Daptnalene 0.245 0. 143 
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SAMPLING PCINT: Un27-3 
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Sa@piing date: 27709763 

FESLE DAAA 
temp (Cc) 224.9 
Eu (2V) NA 
pd Oso} 
conde (uS) NA 

LAE DATA 
pH 6.66 
conde (uiS) 136000 
hardguess (Cacc3) 55519 
Ca (ng/L) 14500 
By 4700 
Na 22800 
K 420.0 
crt F4HOED 
ikvergmas  Gace3 U5 E 
SuU4 1113 
be NA 
NO3, as N <0. 1 
NU2Z, as N 0703 
Kjeid. 4S, as N 60.0 
NHS, as N 40.0 
Toe S69 
VES Na 
E 34610 
Fe (tot) 0.55) 
sao C. 760 
As 0.005 
cd <C.005 
(Ee C244) 
Cu 0.24) 
Ni <5 OE 
PL 0.053 
se <0.001 
Zo 0.150 

DISSOLVED GASES 

Sampiingj Date: 21/7097 23 
CH4 620 
02 NC 
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Sampling Date: ZI IES 
benzene 0.846 
toluene 0520) 
Calorobenzene SS 
ethylbenzene OoZis 
p-xylene Oni0 > 
o- xylene 0.056 
cumenue OS005 
1,2,4-1283 — 


Dapytualene Oo 2i/ 


SAMPLING POINT: Uw27-4 


—— OS SOP OS Sw Owe eee we eww eo eee oe bee we ww we ewe oe eome oe = = 


Sampling date: 27709783 

PLELUNVA LA 
ten, (Cc) NA 
Eo (mV) NA 
pH NA 
cond. (uS) KA 

LAB Dala 
rH 4.66 
cond. (uS) 122009 
hardness (CacC3) 4745) 
Ca (wy/l) 13090 
Mg 3650 
Na 20000 
K 440.0 
CL 63200 
AK, as CacO3 <IGjeez 
SO4 DARBS ® 
Fi NA 
wos, as N <05.1 
NWO2, as N 0.03 
Kjeld. N, as N 60.0 
SHS, as N 42.5 
TOC 39.9 
vbOL NA 
fe 24) 
Fe (tot) V6 @ 
sn io He 
As <0.001 
cd <OeO0l 
Cr C2440 
Cu 0.620 
Ni 0.010 
PL 0.30 
Se <0.001 
Zon 1-50 

DISSOLVED GASES 

Sampling Date: 2€/09/763 
CH4 330 
C2 NC 
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Sampling Date: 27/09/7633 ZEsUG/8S 28/09/83 

ieee eS {A?) (=) (C) 
beazene 4.535 As OS? 5 1316 
toluene Vans 0.714 0.995 
chloropenzene -- -- oe 
etnylbenzenue 0.039 0.C51 (0) S10) 3)72 
prxylene 05, 27/4, Os ieis Om Ze 
o- xylene 0.070 = OD SWE)Z 
cumene -- == -- 
1,2,4-145 02135 0.071 0. 130 


Daptnaleue sie 0. 036 = 
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SAMPLING POINT: UW 27-6 


Sampling date: 27/09/83 27/09/63 

FIELC DATA (A) (B) 
temp (C) NA NA 
Eh (BV) NA NA 
pH NA KA 
CONnde (US) NA NA 

LAB DATA 
EH a tele! 6.02 
COnude: (U's) 9c9C0 $8CU0 
haraness (CaCC3) 34350 DUS) SV 
ae ties /215) 9400 7900 
Sy 2650 2000 
Na 14600 16190 
K 36560 300.0 
(eat 4500u 46640 
Alike as GacOs 27a4 B74 
S04 900.90 963.0 
F NA NA 
NO3, aS N <0. 1 <iOleut 
NOZ, aS N 0.03 OR08 
Kjeld. sh, as h 50.0 Sy0)5 2) 
NH3, aS N S5)5 0) 335510) 
TOC 39.2 Se2 
boc NA NA 
b Za) Bey Ts) 
Bem (co c) Oa7U Yords, 
Mo 1.560 Us VO 
As CORO On <0.001 
ca <0.005 <0.005 
(Ge 0.40 0.40 
Cu 0.560 0.260 
Ni 0.0190 0.014 
Pb 0.056 Oley 2) ako) 
Se <0.001 <0.001 
Zu 0.560 0.250 
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Satyling Date: 07/11/33 07/11/63 04/01/33 

i A i tr ea oat (A) (B) 
beuzene DVS UAY 1.000 2-042 
toluene 150.665 9.399 Datei! 9 
chiorobenzeue -- 0.031 Quast 
etaylbenzene 0.189 O. 143 0.441 
p-xylene C.t4U 0.524 0.2405 
o- xylene 0.3606 0. 175 PAT 
cumene aS eS == 
1,2, 4-TM3B 0. 240 O00 Viezon 
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SAMPLING POINT: Uw 28-1 
— fia °°» .@€€686!£2|))3}|)\ 
PLELS) DATA 


Eb (mV) 


cond. (uS) 


Conde (uS) 
hardness (CaCc03) 
Ca (g/l) 


NO2Z, as N 
Kjeld. N, as N 
NH3, as N 

TIC 

DCC 

c 

Fe (tot) 

An 

As 
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Sampling Date: 24/11/33 
benZene OF OSS) 
toluene Ze 549 
chlorobLenazene een 
etayluvenzene On 0S 
E> xylene Pies PRENS 
o-xylene Telia 
cumete {0} (0),2331 
1,2,4-ToB 0.450 


bapthalene 0.076 
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SAMPLING POINT: UW 238-2 


SaBpliny aate: OnV7Aln733 

FIELD CATA 
temp (C) 34.0 
Eh (HV) NA 
pH Ves 8) 
conde (u's) NA 

LAB DATA 
joast Holl 
Conde nus) ZS SOO, 
hardness (CaCC3) 401.5 
Ca (my/l) W650 
Ag 86.0 
Na 4700 
K 3 SiO 
eZt 4362 
ALKe, as (CaGG3 91350 
SO¥u 130.0 
i 6.60 
NO3, aS N On 
NC2, as N 0.41 
Kjeld. N, as N 1600 
NH3, aS N 1040 
TOC NA 
BONG 4600 
B 120.0 
Fe (tot) Yo We 
Bn 0. 100 
As 0.029 
Cd (G5 0) Ne) 
Cr 0.820 
Cu QA We 
Ni 0.49 
Pb C.057 
Se 0.004 
yan Co47/0 
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Sagpliny Date: 439711783 
beazene 26.9061 
toiueLe PDN GS AA 
chlorobenzene —— 
etnylrenzene 74.045 
pox yicne 199.721 
o-xylene U4selo VUE 
cumene 4.1382 
1,2,4-TSB OS Ue. 


Dapthalene 60S 329 
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SAMPLING POINT: SEEP NEA Un-7 (UwW29-1) 
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Sapypling date: 27/10/83 

PIELO CATA. — 
teap (C) NA 
Eb (@V) NA 
PH NA 
coode (uS) NA 

LAB DATA 
pu IAey 
Conde (uS) 13100 
nardness (CaCC3) 1660 
Ca (mg/l) 8755 
Mg S535 0) 
Na Fa) 75.0) 
K 405.0 
Cl! Sule 
ison evs TEreEs 3543 
SO4 4C.0 
ie hs He. 
NU3, aS N Os 3! 
NO2, as N 0.03 
Kjeld. N, as N SE) 0 
NH3, as N 340.0 
See NA 
bce 294.0 
ie valle 0. 
Fe (tot) 35 AS 
Mo 0.20 
As 0.003 
Cd <0.005 
CE 0.043 
Cu 0.015 
Ni 0.150 
Pb On OSA 
Se 0.001 
Zn O65 O Se 

DESSOLVEL. GASES 

Sampling Date: 30/11/82 
CH4 150 
C2 NA 
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cenzene faye, Says! Clerc 
toluene 0.991 is Gals! 
chlorobenzeue ZA SESO) yy Ales 
ethylpenzene (Ol, Sh TNS) 18.057 
p-xylene Sha Uh 7/ i2e020 
o-zylene 45.845 s3\5 OSS 
Cumene 0.294 P45 Sh0)S) 
1,2,4-IMNB 1.826 PEEPS 
Napthalene Qo 34S 10.736 
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Sagyling Date: 01/12/82 
Delta o-13 -10.1 
Deita H-2 NA 
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APPENDIX D. Report of Trace Organic Analyses - Ministry of the Environment 


~, 


al Ministry Ministere 
<a of the de 


~ Environment l'Environnement 


248-3031 Laboratory Services and Applied Research Branch 
125 Resources Road, Rexdale 


March 5, 1984 


MEMORANDUM 


HO: J. Mayes 
Hamilton Office 
West Central Region 


FROM: M. G. Foster 
Chief, Mass Spectrometry Systems 
Organic Characterization Section 


RE: GC/MS ANALYSIS OF GROUNDWATER FROM UPPER OTTAWA 
ST. LANDFILL SITE (SUBMISSION NO. WC 12515) 
—————— eee NG Ol) 


Two samples were submitted for mass spectrometry analysis in 
this sub mission. Unfortunately, on close inspection the two bottles 
received, although assigned different lab sample numbers both were the 
same field sample number - UW 24-4. Both bottles were analysed for 
volatile organics and the results indicated that the Samples were indeed 
duplicates and the lab reference numbers had been assigned incorrectly. 
We attempted to recover the other sample prior to its analysis by the 
Pesticide Section but unfortunately it had already been extracted without 
their noticing the discrepancy. The results from the Pesticides Section 
would therefore be assumed to be two duplicates of UW 20-4. Only one 
bottle was analysed for extractable organics and the data is presented here 
along with the volatiles data. The sample from UW 24-4 was assigned lab 
sample number MY 49-0004. 


The sample was subjected to GC/MS analysis. It was first 
analysed by a purge and trap technique followed by GC/MS to separate, 
identify and quantitate the volatile organics. The compounds found and 
their concentrations are indicated in the attached Table 1. Many of the 
components isolated have only an approximate concentration marked. This 
approximation is based on three major assumptions which are: 


l. The purging efficiency of the compound is identical to that of 
the internal standard added to each sample. 


2. The GC behaviour of the compound is identical to that of the 
internal standard. 


3. The MS response of the compound is identical to that of the 
internal standard. 


These assumptions may not hold, and any deviation will affect 
the estimate of concentration. 
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The sample was also extracted under both basic and acid 
conditions and the extracts concentrated prior to capillary GC/MS analysis 
of the extractable fractions. Internal Standards were added to the sample 
prior to extraction and similar assumptions apply for the estimates made of 
the concentrations of components. Table 1 indicates the individual 
compounds and compound classes observed in the sample. The sample 
showed several compounds that were isomeric cr were from the same 
compound class and these are also indicated in the tables. 


The major volatile organics seen were tetrahydrofuran (THF), 
methyl ethyl ketone (MEK), toluene. The THF and MEK are often found as 
a result of the use of adhesives in the construction of wells. Toluene is 
also a commonly used solvent and may also derive from a glue. Methylene 
chloride and trichloroethane are also commonly used industrial solvents, 
the latter having many applications in degreasing and cleaning of metals. 
The sulfur-containing compounds may be present as a result of bacterial 
degradation. 


The major components seen in the extractable fraction include 
molecular sulfur, an alkene, diethylene glycol - a widely used antifreeze, 
and mercapto benzothiazole - used in rubber manufacturing. 


The other prominent components are a series of carboxylic 
acids which are likely degradation products of organic material, and 
polyethylene glycol derivatives which are commonly used as solvents and 
lubricants. The two phthalate esters are widely used plasticizers. 


The organics seen in this sample include compounds which are 
normal degradation products of domestic waste as well as some compounds 
which are used industrially. These latter compounds, however, also have 
application in household products. . 
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Ministry 
?, of the Components Found & Their Concentration in ug/L 


Environment 


Ontario Dore Sampur: 83ai2z2o)} 
dot fi eaiay Gao r Sila (o 
Sample MY4qQ-o0904 
UW 24- a | 
Compound 


MT4aQ}| - 0004 


Methylene Chloride SaAn6 == == eee 
1,1-Dichloroethane 
I ar 


Chloroforin 
oi eis 


1,2-Dichloroethane _ 
1,1, 1-Trichloroethane 
Carbontetrachloride 
Dichlorobromomethane 
1, 2-Dichloropropane 
‘Trichloroethy lene 


Chlorodibromomethane 


Benzene 


I.S. 1,3-Dichlorobutane 


Bromoform 


——_ ___ 


Tetrachloroethylene 

Toluene 

Chlorobenzene -3 
Ethylbenzene - 
in-Xylene 


O- or p-Xylene 


ND - not detected - less 05 ug/litre 
NOTES ND+ - not detected = less than 5 ug/litre 
* - approximate - response of standard not determined 
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ND - not detected - less than GS ug/ litre 
OTES ND+t - not detected - less than 5 ug/litre 
* - approximate - response of standard not determined 
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TABLE II 


GC/MS OF EXTRACTABLE ORGANICS AND 


ESTIMATED CONCENTRATION LEVELS (ug /L) 


Carboxylic acids: C. 
ay 
C7 
Cg 
C10 
Cie 
Alkenes - Cy 


Aliphatic ethers 

Aliphatie alcohols 
1+{2-Butoxyethoxy) ethanol 
Diethylene glycol 
Polyethyleneglycol derivs. 
Benzothiazole 
Mercaptobenzothiazole 
Sulfur 

Diethy lphthalate 

Di isoocty1 phthalate 
Aliphatie amide 


MY49-0004 
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The LIS final report appears to have 


been sent out without this attachment. 
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Ministry Ministére 
(¥) of the de 

Environment l'Environnement 
Ontano 


248-3031 Laboratory Services & Applied Research Branch 
125 Resources Road, Rexdale 


March 6, 1984 


MEMORANDUM 


TO: Mr. J. Mayes 
Hamilton Office 
West Central Region 


FROM: Ms. M. G. Foster 
Chief, Mass Spectrometry Systems 


RE: GC/MS ANALYSIS OF TEST WELLS IN 
UPPER OTTAWA ST. LANDFILL SITE 
(SUBMISSION NO. WC 12514) 


—_—_ ————— SSeSeSeeSeFFFFFFFFsFMsSSSSsSsSshFhsFhsFeseseseFeFesSsSFh 


Three samples were received in this submission for GC/MS 
analysis of organics present. They were assigned the following lab sample 


numbers: 
UW2ig=h. MY 47-0147 
UW28-ST MY 47-0148 
UW22-2 MY 47-0149 


The samples were subjected to GC/MS analysis. They were 
first analysed by a purge and trap technique followed by GC/MS to 
Separate, identify and quantitate the volatile organics. The compounds 
found and their concentrations are indicated in the attached Table l. Many 
of the components isolated have only an approximate concentration 
marked. This approximation is based on three major assumptions which 
are: 


l, The purging efficiency of the compound is identical to that of 
the internal standard added to each sample. 


2. The GC behaviour of the compound is identical to that of the 
internal standard. 


3. The MS response of the compound is identical to that of the 
internal standard. 


These assumptions may not hold, and any deviation will affect 
the estimate of concentration. 


The samples were also extracted under both basic and acid 
conditions and the extracts concentrated prior to capillary GC/MS analysis 
of the extractable fractions. Internal standards were added to the sample 
prior to extraction and similar assumptions apply for the estimates made of 
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the concentrations of components. Table ll indicates the individual 
compounds and compound classes observed in the samples and estimated to 
be at levels of 1 ug/L or greater. The samples showed several compounds 
that were isomeric or were from the same compound class and these are 
also indicated in the tables. 


The extractable organics in samples MY47-0148 and MY47-0149 
were so numerous and the sample matrix was so complex that the internal 
Standard was not observed. The estimate of concentration levels in these 
two samples is based on our experiences of recoveries of the internal 
standard in other samples and an evaluation of the area expected to be 
found at the sample dilution used. This estimate should enable 
comparative concentration levels to be assessed but must be used with 
extreme caution. 


The major volatile organics seen in well UW19-1 were toluene, 
tetrahydrofuran, acetone, methyl ethyl ketone and two aliphatic 
hydrocarbons. The first four of these could be associated with adhesives 
used in the well construction or with equipment cleaning. All were present 
at low ug/L levels. The major extractable organics seen in this well 
included polypropylene glycol derivatives, terpenes, hydroxybenzothiazole, 
resin acids, bis phenols and alkyl substituted benzenes. Lower levels were 
also seen of PAH, phthalates, aliphatic hydrocarbons and phenolics. The 
range of organics seen would suggest the source as being more than one 
industry. 


Well UW28-ST contained high levels of aromatic hydrocarbons 
in the volatile fraction. Other prominent components were a series of 
oxygenated solvents, terpenoids and a _  1,2-dichloroethylene. The 
oxygenated solvents, which included tetrahydrofuran, several ketones, 
dioxane and dioxolane derivatives could be associated with well 
construction techniques and the adhesives used. The major extractable 
organics included oxathiolane, alcohols, aromatic nd aliphatic 
hydrocarbons, polypropylene glycol derivatives, alkyl phenols, terpenes, 
carboxylic acids, dioxolane and dioxane derivatives, cyclic alcohols and 
ketones, hydroxybenzothiazole, bis phenols, resin acids and PAH. The only 
chlorinated organics seen in the extractable fraction were two PCB 
congeners. The concentration levels of all extractable organics in this 
Sample were given only a rough estimate because of the complexity. Some 
of the organics such as fenchone, ~, «-dimethyl benzyl alcohol, terpineols 
and phenylacetic acid are widely used in perfumery. The sulfur-containing 
compounds could be present as a result of natural degradation. Many of 
the carboxylic acids seen are probably present as a result of the normal 
degradation process of organic material. The bis-phenols are associated 
with epoxy resin manufacture and the solvent mix seen in the volatiles 
fraction could also be linked with this type of industrial source. The 
trimethyl cyclohexanone and trimethyl cyclohexanol could be used as 
solvents or they may also be used as starting materials in plastics 
manufacturing. The presence of the substituted phenols together with 
trioxane could suggest a source as phenol-formaldehyde resin. They could 
also be found in foundry sand along with the PAH, cresols and indane 
derivatives. These latter compounds could also be derived from coal tar or 
from wood preservatives. The phthalates are widely used plasticizers, 
benzothiazole derivatives are used in rubber manufacturing while 
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polypropylene glycol derivatives are used as lubricants. The organics seen 
in this sample could derive from a wide variety of sources, some industrial 
but some may be domestic as many household products contain a range of 
organics which will be released over time. 


The final sample in this submission UW22-2 contained generally 
lower concentrations of organics than the other two samples. In the 
volatile fraction, the major compounds seen were tetrahydrofuran and 
toluene - both being organics previously linked to well construction. Low 
levels of other aromatics were also seen along with oxygenated solvents, 
aliphatic hydrocarbons and sulfur-containing compounds. The latter 
compounds are likely biological degradation products. The mejor compound 
seen in the extractable fraction was molecular sulfur. Prominent organics 
seen included phthalate esters, carboxylic acids and mercapto- 
benzothiazole. The phthalates are used as plasticizers, the acids are 
probably derived from the general degradation of organic matter in the 
landfill while mercaptobenzothiazole is used in rubber manufacturing. 


The samples analysed here from the Upper Ottawa St. landfill 
site are extremely complex and the organics identified indicate a variety 
of sources. Few chlorinated organics were observed, the ones being seen 
were minor components in all samples. Of note was the presence of PCBs 
in two of the samples - the quantitation of these would be better handled 
by the GC/ECD analysis which I believe has also been requested on these 
samples. 


If you have any questions, please feel free to contact me. 
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M. G. Foster 
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GC/MS ANALYSIS OF EXTRACTABLE ORGANICS AND 


TABLE II 


ESTIMATED CONCENTRATIONS LEVELS (ug/L) 


Aliphatic hydrocarbons 


Alicyeclic hydrocarbons 


Terpene 


Alkyl substituted benzenes 


Indane 

Naphthalene 
Acenaphthene 
Fluorene 

Phenanthrene 

Methyl phenanthrene 
Pyrene 

Fluoranthene 

Alcohols 

Polypropylene glycol(s) 


Polyethylene glycol(s) 
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Cyclohexaneacetic acid 
Methylbenzoic acid 
Dimethyl benzoic acid 
«-Ethylbenzeneacetic acid 
Benzene propanoic acid 
Benzene butanoic acid 
Ethylbenzenebutanoic acid 
C 4 Benzoic acid 


Resin acids 


Phenol 

Cresol(s) 

Xylenol(s) 
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Table II (cont'd.) 


Upper Ottawa Street Landfill Site 


MY47-0147 MY 47-0148 
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4,4-Methylene bis phenol 29 
4,44 1-Methy lethy lidene) 12 
bis phenol 
Methylene bis phenol 23 3503100 
Sulphur 47 1,000 
Dimethy] trisulfide 
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Polychlorinated biphenyls Cl, 32 

Cl, <2 «36 
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Table II (cont'd.) 


Upper Ottawa Street Landfill Site 


1,3,5 Trioxane 
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Dichlorobenzene(s) 
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Upper Ottawa Street Landfill Site 


N-(9,10-Dihydro-2-phenanthry]) 
acetamide 


Benzaldehyde derivative 
Isoquinoline derivative 


Tetrahydrofurany! indole 


MY 47-0147 MY 47-0148 
(UW 19-1) (UW 28-ST) 
x 
s 
< 26 
< 26 
226 


MY 47-0149 
(UW 22-2) 


* 


* Very approximate value 


# not quantitated 


a= & — ye 


eit DPhens nessi® pesst0 wey! 


7 apic~ OD ; 
a Aas we erwiy (ren #9) 
‘ ip 
'* @ 
7 ae 


NZS Environment” lEnvironnement 
Ontario 


a nnnnEnnnnnneeeeeeeeeeeeeeee 
248-3031 Laboratory Services & Applied Research Branch 
125 Resources Road, Rexdale 


March 8, 1984 


- MEMORANDUM 


TO: J. Mayes 
Hamilton Office 
West Central Region 


FROM: M. G. Foster 
Chief, Mass Spectrometry Systems 
Organic Characterization Section 


RE: GC/MS ANALYSIS OF SAMPLE FROM UPPER 
OTTAWA ST. LANDFILL SITE (SUB.#WC 12516) 


One sample was received in this submission. Its reference 
number was UW27-6 and it was assigned lab number MY50-0147. 


The sample was subjected to GC/MS analysis. It was first 
analysed by a purge and trap technique followed by GC/MS to separate, 
identify and quantitate the volatile organics. The compounds found and 
their concentrations are indicated in the attached Table l. Many of the 
components isolated have only an approximate concentration marked. This 
approximation is based on three major assumptions which are: 


L The purging efficiency of the compound is identical to that of 
the internal standard added to each sample. 


2. The GC behaviour of the compound is identical to that of the 
internal standard. 


3. The MS response of the compound is identical to that of the 
internal standard. 


These assumptions may not hold, and any deviation will affect 
the estimate of concentration. 


The sample was also extracted under both basic and acid 
conditions and the extracts concentrated prior to capillary GC/MS analysis 
of the extractable fractions. Internal standards were added to the sample 
prior to extraction and similar assumptions apply for the estimates made of 
the concentrations of components. Table ll indicates the individual 
compounds and compound classes observed in the sample. The sample 
showed several compounds that were isomeric or were from the same 
compound class and these are also indicated in the tables. 
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The major volatile organics seen in this sample were two 
alcohols. A number of other oxygenated solvents and aliphatic 
hydrocarbons were also seen but at much lower levels. The major 
extractable organics seen were diethylene glycol and butyl carbitoL These 
were associated with lower levels of other oxygenated solvents such as the 
Sep aol glycol derivatives. Other compounds seen ineluded rubber 
additives - benzothiazole and Plastic additives - the phthalate esters. The 
mixture of organics seen here Suggest a polar industrial solvent mix which 
may have antifreeze properties. It could be a solution used for special 
applications. The presence of the additives of rubber and plastic may be 
explained by their dissolution from the original materials by the action of 
this strong solvent. The carboxylic acids are associated with the natural 
degradation of organic materials and are generally found in landfill sites. 
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TABLE II 


GC/MS ANALYSIS OF EXTRACTABLE ORGANICS AND 


ESTIMATED CONCENTRATION LEVELS (ug/L) 


Benzothiazole 

Methylmercaptobenzothiazole 

Sulfur 

Polyethylene glycol derivatives 

Diethylene glycol 

Butyl carbitol 

Ethers 

Aliphatic alcohol 

Dioxolane derivative 

Carboxylic acids Ce 
Miscellaneous 
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APPENDIX E. Report of Trace Organic Analyses - Department of Civil 
Engineering, Stanford University 


Draft 
June 1983 


ORGANIC CONTAMINATION OF GROUNDWATER 
AT THE UPPER OTTAWA STREET SITE 


Naomi Goodman 
Department of Civil Engineering 
Stanford, CA 94305 


FOR INTERNAL DISTRIBUTION ONLY 
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relatively simple analyses as monitoring tools; nearby groundwaters also 
contain naturally high levels of heavy metals and other inorganic constit- 
uents. The fractured nature of the underlying rock would tend to disperse the 
leachate, and there are indications that the landfill forms a water table 
mound from which flow proceeds radially. These factors make it difficult to 
establish the extent of contamination. In this Study we attempt to identify 
specific organic compounds originating in the landfill that are indicative of 


the presence of leachate. 


Sampling and Analysis 


Samples were collected by the Department of Earth Sciences, University of 
Waterloo, and shipped to Stanford in cooled containers. Samples were taken 
from seven monitoring wells in the vicinity of the site and from surface 
seepage from the face of the landfill. The wells were furnished with multi- 
level bundle piezometers that extended as much as 50 meters below the 
a Face: Details of the construction, placement, and operation of these wells 
have been reported elsewhere [2]. Sampling tubes were purged for a month 
before collecting samples to avoid contamination with water used in drilling 
the wells. Two liter glass bottles and two 50-ml hypovials were collected 
from each sample point. The hypovials were used for analysis of volatile 
halogenated organics (VOA) by pentane extraction and gas chromatography. The 
liter samples were used for closed-loop stripping analysis (CLSA) and solvent 
extract analysis (SEA). The CLS procedure allows reproducible extraction of 
neutral nonpolar, volatile compounds while the SEA method is effective for 
Organic acids and bases. VOA extracts were analyzed on a Tracor GC equipped 
with a 2-m packed column of 10% Squalane on Chromosorb W and quantified with a 


Spectra-Physics data System. CLS extracts were analyzed on a Finnigan GC-MS 
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equipped with a 30-m SE-52 fused silica capillary column, and quantified 
automatically by comparison of compound and internal Standard single-ion peak 
areas. The SEA procedure was as follows: one or two-liter samples were 
extracted with methylene chloride using a continuous liquid-liquid 
extractor. Extraction was begun at pH ll for 24 hours, the pH was lowered to 
2, and the process was continued for another 24 hours. The extract was then 
concentrated to 1 ml and separated into two fractions on 15% w/w deactivated 
silica gel (80-200 mesh). The first fraction contained basic, neutral and 
phenolic compounds, and the second contained acidic components. The acid 
fraction was methylated with diazomethane and both fractions were analyzed by 
GC-MS. Quantification was based on peak-height comparison between single 
characteristic fons of the compounds and internal standards. Because these 
calculations were not corrected for extraction efficiency or detector 
response, the given values may differ by as much as an order of magnitude from 
the true concentrations. However, these semiquantitative data are adequate 


for determining patterns of removal. 


Results and Discussion 

Preliminary analysis of oily leachate from within the landfill, conducted 
by the Stanford Water Quality Laboratory in September 1982, identified primar- 
ily compounds characteristic of mineral oil contamination: n-alkanes, aromatic 
and polyaromatic hydrocarbons (Table 1). Industrial solvents and other mis- 
cellaneous chemicals were also detected. It was expected that leachate from 
the landfill would contain some but not all of the major components of the 
oily leachate, certain classes of compounds being selectively retained or 
biodegraded within the landfill. This is in fact observed in the seepage from 


the streamside face of the mound. Certain compounds that were major com- 
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ponents of the oily leachate are reduced or absent in the seepage. These 
include the n-alkanes, a homologous series of alkyl ketones, and all poly- 
aromatic hydrocarbons with more than two tings. The removal of these hydro- 
phobic species is probably due to adsorption by the soil of the landfill 
cover, but biodegradation may also play a part [3]. N-alkanes with more than 
7 carbons are aerobically degraded by a variety of soil bacteria. The ground 
water beneath the site is anaerobic, as evidenced by the presence of H5S and 
methane, however zones of aerobic decomposition probably exist within the 
landfill. 

Of the seven wells that were sampled, five lie along the course of the 
stream that borders the landfill to the north, and two lie approximately 500 
meters to the southeast. Well UW-10 is located upstream from the site, and is 
therefore the most likely to be Pecneaumaeed eee were analyzed for 
VOA, CLSA and SEA compounds. Method detection limits for many of these com- 
pounds have been established and are approximately 0.1 ug/l for the VOA, .05 
for CLS compounds and 0.3 u/l for SEA [4]. The precision of measurement is 
proportional to the concentration, having a standard deviation of approx. 0.1C 
+ .05 ug/l for VOA and 0.2 to 0.9C + .01 wg/l for CLS, where C is the concen- 
tration. These values do not include the error contributed by the well sampl- 
ing technique, for which no estimate is available. 

Volatiles (VOA) were present only at low concentrations (<1 ug/l) in all 
Samples, and variability between duplicate samples was higher than differences 
between wells (Table 2). It is possible that loss of volatile solvents to the 
air accounts for the low levels, however on-site monitoring of the air also 


failed to detect these compounds. 
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Low levels of purgeable compounds were detected in all wells with the 
exception of UW-10, however the only well which showed clear evidence of 
contamination was UW-7. Even in this well, closest to the landfill, concen- 
trations of most purgeables were below 1 ug/L. These results indicate that, 
although some contamination may be present, these compounds are not useful as 
tracers. 

Examining the solvent-extract compounds, it is necessary to, stiest 
discount contributions from the natural groundwater, as well as contamination 
from sampling devices, solvents and glassware. Well casings, piezometer 
linings and screens are made of various plastics, which could contaminate the 
sample. These materials were soaked in water in a laboratory test to deter- 
mine their leaching potential. The result was a clear, extremely viscous 
solution. The sample could not be analyzed for Cl suconcourda due to extreme 
foaming problems, however pentane extraction detected a large peak correspond- 
ing in GC retention time to 1,1,l-trichloroethane. Solvent extract analysis 
identified a large number of compounds, the major ones being diethylene 
glycol, methyl carbito1(®) | benzothiazolethione, benzothiazole, bis(2- 
ethylhexyl)phthalate, octanoic, decanoic and benzoic acids. Other compounds 
Were present but could not be identified at the high dilution necessary for 
the major components. Table 3 lists those compounds that have been tenta- 
tively identified by computer matching of MS spectra. Some of these appear in 
samples from all wells, and are therefore likely to have leached from the well 
materials. Benzothiazolone, benzothiazole and the phthalates fall into this 
Category. 

In addition to the aromatic hydrocarbons found in the CLS extracts, the 
major compounds apparently contributed by the aquifer materials were numerous 


organic polysulfides and molecular sulfur. These were the largest peaks in 
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the basic/neutral fraction of all well Samples, and in some cases were present 
in concentrations high enough to seriously interfere with detection of other 
components. Future analytical work at the Upper Ottawa Street site will 
probably require a modification of the SEA method to remove these compounds. 

Listed in Table 4 are those SEA compounds which appeared in the landfill 
leachate and were also present in one or more of the well samples. Several 
patterns are apparent from the data; first, only wells UW-7, GL-9, and UW-3 
appear to contain compounds identified in the landfill seepage, and second, 
the concentrations appear to decrease between wells in the order given. Well 
UW-6, which is located along the creek between UW-7 and GL-9, did not contain 
these compounds. The fact that the sample from this well contained higher 
levels of the piezometer-lining compounds implies that either this well had 
not been completely purged of aeiine water: or tae some leakage had occur- 
red. Therefore, this sample may not be representative of the ground water at 
this point. Wells UW-14, GL-ll, and UW-10 contained essentially no extract- 
able organics except the sulfur compounds. 

The generally low concentrations of organics found in the wells make 
interpretation difficult. Studies of other landfills have commonly found high 
(mg/1) levels or organics, particularly carboxylic acids, near the source of 
the plume [5]. Their absence at this site may be due to any of several 
factors: the fractured rock of the aquifer may be impermeable enough that 
leachate is conducted through relatively few channels and the existing wells 
have not intercepted a zone of high contamination. Alternatively, the high 
organic content of the aquifer may result in organic contaminants being 
adsorbed onto the soil particles and effectively removed from the leachate. 
The data can be seen as giving some support to this second hypothesis. Of 


those compounds that appear to be mobile in the ground water, all are similar 
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in being moderately polar and water-soluble. Although none of these are 
extensively ionized at neutral pH, several are capable of hydrogen-bonding 
with water, which would lead to reduced interaction with the organic material 
of the aquifer. None of the neutral polyaromatic hydrocarbons are found in 
the wells sampled. The eteence of organic acids is puzzling, but may signify 


that biological degradation is not a major factor under the highly reducing 


conditions found in the ground water. 


Conclusions 

The results presented in this report have several implications for future 
work on the Upper Ottawa Street Site. It is apparent that the analytical 
methodology can be changed and simplified to fit the needs of this project. 
The volatiles’ analysis is unnecessary, and an acid-base separation step in 
the SEA method can also be eliminated. Unfortunately, the procedures which 
show the most promise in identifying tracer compounds are also the most time- 
consuming and expensive. It is possible that if a sulfur-removal step were 
added that a GC method could be substituted for GC-MS. A Total Organic 
Halogen (TOX) assay may be of use as a screening technique for identifying 
contamination, as there should be little interference from aquifer materials. 

Regarding the plume of leachate from this site, it appears that the 
extent of organic contamination may be less than anticipated. The measured 
concentrations of those compounds that were found to migrate from the landfill 
were low, implying either failure to locate the streamline of the plume or an 
extremely high adsorptive capacity for organics within the aquifer. If the 
first alternative is to be examined further, additional samples will be 
needed; pooling samples from several depths within a well would increase the 


chance of detecting contamination. 
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Table l 


TENTATIVELY IDENTIFIED COMPOUNDS IN EXTRACTS 


Solvent extract of GL-3-2 oily leachate 
Alkyl (R)-Benzenes R=1-5 carbons 
Dichlorobenzenes 
Naphthalene 
Alkyl(R-) Naphthalenes R=1-3 carbons 
Anthracene, Phenanthrene 
Alkyl Anthracenes and Phenanthrenes 
Acenaphthene | 
Fluorene 
Fluoranthene 
Pyrene 
Benz(a)anthracene 
Chrysene 
Biphenyl 
Terpenes (camphor, pinene, etc.) 
Tributyl phosphate 
n-alkanes C1l0-C35+ 
2-methyl-alkanes 
Alkylphenol polyethoxylate (3 Et0) 


CLS extract of GL-2-2 standpipe leachate 


4-Pentanone Tetrachloroethylene (trace) 
4~Methy1-2-pentanone Chlorobenzene 
2-Pentanone Dichlorobenzenes 
2-Hexanone Naphthalene 
Dimethyl pentanone Alkyl Naphthalenes 
2,2,4,4 tetramethyl-3-pentanone Methyl benzonitrile 
Trimethyl cyclohexanone Terpenes 
10 
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Table 2 


VOLATILE (VOA) AND PURGABLE (CLS) COMPOUNDS 


Concentration ug/l ~—S— 


Seep! UW-7* UW-6 GL-9 UW-3  UW-14  GL+ll UW-10  Leach3 


od -1 -1 -l -l -4 -1 -1 
les Se Sai 2 Poa, | 
roform OFZ 0.3 Ont G52 P 0.4 ND ‘Pp 0.4 
- P - Ope - 0.4 0.3 P 0.4 
l TCEthane 0.1 0.1 Onn O.2 P 0.2 P P in3 
- P - 0.1 - Oat 0.1 P Leo 
P P ND P ND P ND ND ND 
= ND = - P Oz ND ND 
2 TCEthane PF 0.1 ND 0.1 P P Ook ND Pp 
= 0 = P = P P ND jy 
, P P P P P P P Oe1 
= Je = P - P P P P 
>forn 0.3 ND Cel ND P P P Ot Owl 
- ND - ND - ND Can P ND 
CE ae ee ee ee ee ee ee ee eee 
les Blank? 
2ne ND 43 e392 eel ae Acak PPA eit P 
oCl, ND AN Ae) P - 06 ND ND ND ND ND 
2ne a hes 2.0 86 Aes) wg -66 35 P P 
robenzene 4.0 08 p Or P ph P P ND 
lbenzene 2h al. ibs! -08 wok 06 20 08 P ND 
xylenes iS7 sype ook i.e 224 89 58 09 P 
2ne Za6 07 P 205 P vk3 205 P P 
lene 2is3 1.9 eke) wok 09 39 wel P ND 
opylbenzene 205 0 F/ P P P 605 P P ND 
) Trimebenz. r53 eL6 P o05 P o6 -08 P ND 
4 TMB 840 a0 «24 AS “10 65 36 P ND 
3 TMB 382 Raph 19 ray) P sao Bees) P ND 
Dichlorobenz. 4.0 iy P P ND 10 P ND ND 
DCB 9.0 04 08 P P 43 P P ND 
DCB 8.3 P P P ND wo P ND ND 
thalene 382 «54 -76 207 P -50 al 207; 19 
“naphthalene 24.9 elo ol P Pp iy -06 P P 
“naphthalene 523 230 230 P P <5 pan P P 


It detected 
resent below method detection limit 
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> from landfill seepage face 

digit identifies depth of piezometer tube, i.e., UW-7-l1 was taken from the topmost 
[1] of well UW-7 

meter lining leaching experiment 

1 blank 
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Table 3 


COMPOUNDS LEACHED FROM PIEZOMETER 
LINING MATERIALS 


Phenol 

Cresol 

Benzaldehyde 
2-(2-chlorothoxy)ethanol 
Octanoic acid* 

Decanoic acid* 

Benzoic acid* 
Benzothiazolone* 
Benzothiazolethione* 
2-methylthiobenzothiazole 
Tributyl phosphate 

Phenyl ether 

BHT (butylated hydroxytoluene) 
Bis(2-ethylhexyl) phthalate 
Isocyanato benzene 
Thiocyanic acid,ethyl ester 
1,2,4 trithiolane 
5-butyldihydrofuranone 
Diethylene glycol** 

Methyl Carbitol (2-(2-methoxyethoxy)ethanol)* 
“Salicylic acid 
1,1,1-Trichloroethane 


*major component 
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Table 4 


SOLVENT EXTRACT COMPOUNDS 


SS SSS Se SSS 


Concentration pg/1 
Seep UW-7 UW-6 GL-9 UW-3 UW-14 GL-11 UW-10 Leach 


pe a Fc al ee a a ei! ae 
ine 72.8 ND 0.5 0.5 5.6 ND ND ND ND 
-hyl aniline iy 0.7 ND 1.8 4.0 ND ND ND ND 
lime.aniline LO9 18.1 ND 4.2 5.8 ND ND ND ND 
1 L253 10.4 5 2.3 0.5 14.5 4.9 ND ND 
shyl phenol 40.8 1652 ND ND ND ND ND ND ND 
71 alcohol 1', 

| dimethyl- 184 22.6 ND 25.9 Tek ND ND ND ND 
hyl phosphate 17.4 15.8 ND ts. 727 ND ND ND ND 
shyl benzoic acid 224 6.2. ND 1.6 ND ND ND ND ND 
1inolinone 3.4 1.4 ND ed: ND ND ND ND ND 
iphthene Se. ND ND ND ND ND ND ND ND 
ic acid 0.4 4.9 0.8 ez E 0.1 Pp Iz G5iez 
yl phthalate Foo 2.0 ere) Zed 0.4 0.5 2.0 1.8 2.6 
thiazole 24.5 4.9 94.3 5.4 P 1.4 0.5 4.9 SAT. 
‘"anthene 2.6 ND ND ND ND ND ND ND ND 
-butyl phthal. 85.6 Z.9 ties) ees Se7, 2.7 51 4.8 9.6 
thiazolone 356 ae 47.1 16.6 ia 0.5 0.9 0.3 19.6 


Mot detected 


resent below detection limit 
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Hydraulic Conductivity Investigations of a groundwater zone 
in shallow 


tractured dolomite and Limestone 


by 


ReAe Blackport and JeAe Cherry 
institute for Groundwater xesearch 
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INTRODUCT LON 
A mayor hydrogeologic investigation was performed in 
tractureu bedrock at the Upper Ottawa Street Landfill situ- 
ated near the top of the Niagara escarpmenty Hamilton, 
Cntario (figure 1)e The purpose ot this study wus to deter- 
mine the extent of smixration of the tandfill-derived contanu- 


inanats in the w2rouncwater zone in the bedrocke A part of 


7) 


this overall investigation, a Small site within the general 
study area was selected tor aore detaited studies of the 
hydraulic conductivity and tracture COMUUC tL VA ty wd Lida) tue 
shaliow bedrock unitSe The results of this Site specitic 
investigation are reported on in this paper with emphasis on 
couparison ot the various hyadrawiitc Condaduc ti varity results 
trom several types or tests at ditfterent scalese Puaping 
tests were used to determine the bulk hnydraulic conductivity 
and fracture conductivity at the Larger scalee Packer tests 
at various ievels within poerenotles and response tests ot 
piezome ters were used te deteraine nydraulic conductivity 
and vertical tracture conductivity at the smaller scales 

The study area is situated on a thin deposit of glacial 
till that overlies tractured dolomite and shale. The water 
table exists within the surticial gtacial depositse Hori- 
zontal or near horizontal iractures are evident in core sam 


ples and vertical or near verticat tractures are seen in the 
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Ssmatil outcrop areas of the bedrock that exists in the vicin- 
ity oi the Stuuy Sitee It was expected, theretore, that the 
dolomite and shate woula display hydraulic conductivity in 
both vertical and hcrizontal directionse The various tield 
tests provide a means of guantityinz these hydraulic conduc} 
tivities and of Caunane AansSiceht 2ate the influences of the 
iracture iteatures as perceived Lrom the various scales ot 
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SITE SETTING 

The area chosen for the detaited study oft hydraulic 
conductivity testing of the fractured rock is Located east 
otf the Upper Ottawa Street tandfili (Figure 2). Regionally 
the shatlow groundwater tlow is trom the west to the easte 
Seven boreholes equipped with multilevel monitoring devices 
were used fer ovservation during the pumping testse These 
cevices were instatlied aS part O24 aq extenSive groundwater 
monitoring provram at the Landfill. A central Location was 
chosen for a pumping welt (UW25I ) to utilize the existing 
mCnitoring weLlL networks The muttilevel device enables 
water Level aonitorineg oi several zones within one borehole 
(Cherry et aie 1U34)~ 

ice rocim aint. so that direct ty. underlie the Niagara Pen- 
insula form part of the Michizan Basin sequence of sedimen- 
tary rocks, ranging in age trom Ordovician to Devoniane The 
Strata dip #¢ently towarcacs the south at approximately five 
metres per kilometre (Morris and White, LUT5 )e 


The study area is cverlain by a one to three metres 


figek slaciat titl and glaciolacustrine clay which rests on 


nearly horizontari teds oi tractured dolomite, shale and 
Linestonee These rocks are, trom the bottom upy the Queen 
ston Formation (Late Crdoviciun), The Cataract Group (Barty 


Silurian), the Clintcn Group, and the Gibetoh Lockport forma 
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tion (Middle Silurian) (Morris and White, ee BP ie Cnuly the 
upper two units are penetrated by the pGreholes at the test 
Sites 

The hishest Stratigraphic unit is the Goat Istand Mem- 
ber of the Guelph Lockport Formation which is a massive, 
irregularly bedded, tine grained dolomitee It is reterred 
to as cherty dolomite in the gevloxzic cross sections in Pig 
ure +s The next unit inctudes two torwations which are dif= 
ficult to ditferentiate in the core Logse The Gasport Mem- 
ber ot the Guetph Lockport Formationy and the Lower Decew 
Foriaation are both kizhly variable, consisting of alternat- 
ing thinly bedued semicrystalline dotonite and shulee The 
lowest unit is the hochester shale which is a dark calcare- 
ous Snaie and silttstone with Some interbedded Limestonee 
Ine Gasport wdembery the Cecew Formationy and the Kochester 
shale are referred to as dolomitic shale and shnate in this 
study e 

The strata may be divided generally into two hydroxeo- 
logicat unitSe The shallow cherty dolomite is a high 
hydraulic conductivity zone while the deeper dolomitic shale 
and other shale units generaliy have lower hydraulic conduc- 
tivitiese The study concentrated on the shaltow high 
bydraulte conductivity zone and the upper portion ot the 
underlying low hydraulic: conductiity to determine variations 
in hydraulic conductivity and connectivity on poth a locat= 


ized aud a tarse scalee 
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Poura ca C53) considered ail three components to 
aftect hnead differentials during very early times, however 
as tiwe increased the only component of flow would be trom 
the matrix or micrc tracture system into the main iracture 
Systeme As a result, the shape of response curves depend on 
the magnitude oi each components ot t lowe For exampley tek 
there was Little disturbance arvund the well, and there was 
a nonrexistent or pcorly connected tracture system, then the 
only real component of water tlow would be from the rock 
matrix or micro fractures atong bedding planes and the 
response curve would essentially be a Straight line as in 
Figure 6€4@e This can be analysed by the Hvorstev anethod as 
the system is treated ac a reasonably homogeneous NOTOUS 
medium with tlow primarily through the rock matrixe 
li some well disturbance was encountered, and there was 
ne connected tracture systemy then a response curve Simitar 
to Figure 6b wight be expecteiie it is atiso possibte that 
the iracture system is well connected and resultinz2 curves 
could be Similar to Fiyvure 6a and ob iit the recovery of the 
water Level to equilibrium is relativeiy rapide The cowpo- 
nent oft itlow trom the rock matrix would then ne negligible 
compared to the tlow ct water trom tne fracture system dur- 
ing tnis time periode 
jive selbrery Gascvey lest the iracture system and wmatrix system 
Homo CCU pr ned bie —VaKcn) tty of the piezometer intane zoney 


a response Similar to Figure 6c might be expectedy whether 
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METHODS OF INVESTIGATION 
Water level response tests in individuat piezometers in 
the muititlevel monitoring devices were pertormed using 
either the rising tead or the talling head methodse The 
rising nead method waS applied to most of the piezometerses 


These tests were periormeu by evacuating much of the water 


coluwan arom eacn priezometer using the triple tube punup 
developed by Robin Et aley (les rsy?4 lanediately aiter the 
water column in each fiezometer was expulsedy, the tubinsz of 


the pump was withdrawn and the water teveis were measured 
with sutficient eraquency. <6 detine the rate ot water Level 
recoverye 

The rates ot water level recovery in some ot the pie- 
zometers were too rapid icr this test method to yield useful 
resultSe In tnese rapidly responding piezometers, there> 
fore, falling heaa response tests were then conductede 
These tests were accomplished by coupling a lLaree diameter 
reservoir to the tor of the niezometer tubinige Before each 
test Was Conducted this reservoir was filled with water 
puaped from the piezometer to be tested and then the water 
Level in the piezometer was allowed to reach equilibrium 
before testing e The water Level in the reservoir was 
allowed to decline rapidly wnen a valve was opened and the 


rate of decline was monitored visuatly in the reservoir rel- 
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6 
ative to a graduated scale with readings noted at various 
timese The piezoueters tested in this manner were generally 
at shallow depth where the hydraulic conductivity is hiszhest 
and the water table is near wround suritacese 

The primary pbubrpose ot the piezometer response tests 
described above was to obtain values ot hydraulic conductiv- 
ity ator wach Vo the borehole intervals in which piezometers 
were iustallede A secondary purpose of these tests was to 
obtain iniormation cn the degree of verticat hydraulic con- 


nection between each piezcmeter zone and the ones above and 


belowe Thus when sSscme ot the piezometer response tests were 
doney water tevel measurements were made in tne piezometers 
above and below the piezoameter being response-testede This 


type of wonitoring in an individual multilevel aqevice pro- 


vides iniormation on the aegree or vertical hydraulic con- 
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nection that is exi a very locat scalee Intormation 
on the extent ot vertical nydraulic coanection at a much 
Larger scale was obtainea trom the pumping tests described 
belowe 

At site UwzS5-1 where an open vnorenole exists to a depth 
@t 20 metres with casing in the top 2 metres, constant head 
injection tests were conducted to obtain values ot hydraulic 
ccndaductivitye Tne test intervals in the borehole were iso- 
lated using, double packers inflated with nitrogene Water 
was inyected nt Oweach™ 12S. Zone under conditions ot con- 


Stant head in the above-gruund reservuir and conditions of 
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esseutialitly conustant ilex rate under steady state condi-— 
tionse The test system is iliustrateud schematically in Fiz- 
ure Je The test system includes severai reservoirs ot dif- 
terent diameter so that injection rates couid be adyusted to 
suit the hydraulic conductivity of the zone being testede 
The zones witn highest hydraulic conductivity were not suc 
cessiutly tested because of the excessively Larzve vclume of 
water neeved to maintain the cunstant nead in the reservoire 

The pumpin; tests were conducted py pumping the bore- 
hole at site Uw25-1 and measuring water tevel declines in 
Various piezometers in the multilevel devices and in two 
open Shallow boreholes near the pumping holee These hbore- 
netes ure desizsnatea UWZ=2 which extends to a Gepth of 4e2 
metres and UWJ-2 which has a depth of 4.5 metrese Cress- 
sections ot the pumpiny test site showing the geology and 
Location oi wultilevel monitors and open boreholes are shown 
in Figure 4e Locations ct the cross-sections are displayed 


in Fizure 2e 


Four pumping tests usin,s the porehvole at UW25-1l1 were 
pertormede in tne airs tc test the entire borenote was tett 
open ior pumpine ln the other three tests, dittferent sexz- 


ments of the borehole were pumped when the borehole segments 
were isolated using the intlatable pac«erse By conducting 
pumping tests using diiferent vertical segments of the bore- 
hole intorwation on the vertical hydraulic connection pro- 


Videa by the iractured recx was vobtainede 
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Intormation on the nature of the fractured rock at the 
study site was also obtained by awonitoring static water lev- 
els in the multilevel devicese Tne differentials in water 
levels observed in €ach mriltilevel device under static con- 
ditions provided quéelitative insight imtoo. the Contonwity, oc 


zenes oi hizhest hyaraulic conductivity in the rocke 
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KESULTS AND DISCUSSION 
Response Testinz 
Response tests tor hydraulic conductivities were anal- 
ysed by the method cf Hvorstev (1951). To determine hnydrau- 
Lic conductivities wtusine the dvorslev method, the rate of 
water Level recovery and the Shape of the piezometer intake 
are utilized in the tollowinz equation: 
Roe. rr? In CL/2 37 C2UTo9 


> 


where r is the radius of the piezometer [LJ], L is the Length 


gi the intake zone j[Li, RK is the radius of the intake zone 
je ag and To is the basic time lag {TJ The vasic time lag 
is defined as the time that would be taken for cowplete 


water lLevet recovery to occur ina piezometer it the initial 
rate ot water intilow were maintainede This is the lLensth of 
time reyguired to achieve Gs of the complete water level 
recoverys 

To determine Icy, the data are plotted on a seni- 


logarithmic scate of time versus relative water tevel recov- 


ery, aS Shown in Figure 66 In theory, the data should rep- 
resent a straight tine pasSing through the origine This is 
based on severat assumptions which arey that radial tlow 


eccurs into the test section and is yoverned by Darcy's Lawy 
and the zone is a hemogeneous porous weaiuime lowevery the 


nature oz the tractured rock being iuvestigated in this 
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10 
study would imply a varying degree of homogeneity within 
each rock type deperding on the degree of Geace ue kee fPac— 
ture connection, size of tractures and Pougha eae Gn tras= 
turese AS a result a number ot response curves were not 
Straight Lines and exhibited varying non-linear responses on 
semi~lovarithmic plate 

Fisures Ob, OC, and 6d show examples of these respon- 
SeSe Before discussinz these diagrams, a briet description 
ot the hydrauiic head response in a fractured porous medium 
will give a better understanding of the behaviour or these 
curvese Pollard (15859) and Schwartz (1975) give a more 
detailed description ot the hyuraulic head response in trac- 
tured porous medi ume Three pussible components or stages of 
water flow can occur when water is removed from a piezometer 
where the water Level or hydraulic head is at equilibriume 

The first possible staze is a rapid decrease in hydrau- 


Lic head in the disturbed zone (ieee the disturbed zone as a 


result ot drilling ) in the werveisiielolisay <ejre the piezometer 
intanee The second stave is when nydraulic head within the 
Zone iS equalizinegy water movement occurs in the tracture 
system connected to the piezometer intake zonee The third 
stage is when the tyadaraulic gradients (ieee water Levels) 
within tne fracture systes equalize with time, flow occurs 
from within the rock tatrix or micro fracrures to the aain 


firacture system due to tke head ditterentials between the 


two systenmse 
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well aisturbvdance is present or note Schwartz UC 1975) 
describes how resistance to tlow by disturbance around the 
well or resistance to tlow by the tracture system is deter- 
mined for the early portion of the curve and this will not 
be discussed heree 
It the fracture system is connected for some distance 
around the piezometer intake but BZradually decreases in 
fracture size or nugber ef tractures connected, then a long 
declining curve as in Figure od might be expected where an 
equilibrium head within the tracture system is attained very 
slowly relative to the response time and Pt is ait tvcwlt to 
separate the components oa fracture tlow and matrix tlowe 
Hydraulic conductivities of response tests Showing 
curves simitar to Figure ob and 6c can be determined by a 
method developed by Pollard (1959) which nas tne same theo- 
retical basis as Hvorslev (1v5l1 )e The slope ofr the straight 
Line portion of the response curve Can be used to determine 
the equilibrium time as in the dvorslev method, and matrix 
hydraulic conductivity can be determinedtle It tne slope of 
this straight line is subtracted trem the values in the ear- 
ty part of tite Curve, then the component of water flow trom 
the iractures ontlyy can be determined and an eyuilibrium 
time frou tie Sbepe od “this Line can pe used to determine 
tracture hydraulic conductivity in the vicinity of the welle 
Results of response testing of monitoring zones in the 


study area are shuwr in Tabte le Results indicate two gen 


—_ Oe 
= 7 


ve 


ai) eiseoe 26h. Se tseret™ ea 


> 
2=f bMiwsa eupactiate Ih qa 6668 of eonelei eet eu ce Ee 


a 


S—~Ootuvee vie cta7 999) ems yd eli af esha? 7 


www hae sy => fia ibe Gar t¢@ aed Per G qo as att? ot. 


e% +e 4a , 7 =e Set 6 (2/44 s@osg@ ane bev 


Am MADCak= bt, & ~<9e 2 6ae r 


- _ 
: ~ >. eo. e-wwe oviinile 7 
o Cae | eeu tals 69% a wl 
. : i by ve oe «at @@¢és0lu8 


aii * ; — pars »o@ oqe6 eo? wT 
= ire a deasgit - 

=> 4 4 oe Sed twee 

“yee on doves Datiiae: 


_ 
w= tIOVeV sé vinoy Inoateg 


~~ 


_ 
oo wir Su velitoq 6 y 


ost ou rentl ian 


‘> ?anbeoo os 


obs FegleartIw GIs 

at ® “a i | a «are Wa) hwo a7 

-~ esec0rsane ote’ 

- ; i hee OF CO5F ele 
- 

, -« Ps 23 ever eot B 


th ahi = iT oes t® os0va 


4 e@ = a oe * e<& 


jbo! 
erai trendSse Tu the shallow groundwater zone where the rock 
unit is the cherty dolomite of the voat island Member the 
hydraulic conductivities were generally high, on the order 
6t*isS x°i1G-7% em/secs Some recoveries (ieexs UW3-2, UWi-4) 
were too tast to obtain an accurate vaiue of hydraulic con- 
ductivity by the rising head methode iowever, based on the 
maximum time taxen to obtain the initial water level aiter 
pumping, which was already back to an equilibrium level, the 
Binimuma value of hyoraulic conductivity was 6el1 x 107% *ca/ 
sec itor these monitoring ZonesSe Some ot the monitoring 
Zones in the cherty dclomite exhibited a Lower hydraulic 
conductivity than tte median valuee These values were on 
the order of 1 x 107-5 to 4 x 107° em/sec. 

The Ha oniay ot the high nydraulic conductivity zones 
exhibiteu a Linear water level recovery as in Fizure 6ae 
Some oi the lower hydraulic cunductivity monitoring zones in 
the cherty dolomite exhibited a non-linear response similar 
to Fizures Oc “and Ea indicating that the tracture network 
uear the monitoring zone has a higher hydraulic conductivity 
than the tractures away trom the monitorins Zonee 

In the recn units below the cnerty dolomite the values 
ot hydraulic conductivity determined trom response tests 
Were generally Low, on the order of 107~° - 107° cm/sece 

Tnere was one very high hydraulic conductivity (CUW3~4) 
oi 226 x 107% cm/sec found in the Rochester shate indicating 


that the shate does have high hydraulic conductivity zoneSe 
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14 
This woOnitoring zone was pumped and zones above and below it 
as welt as the centre column of the multilevel monitoring 
device were monitcred for any changes in water Levels to 
determine if a possible Leak may have been the reason tor 
high hydraulic cuondtctivitys 
Water level recoveries in the Lower hydraulic conduc- 
tivity rock units generally exhibited a non-linear response 
Similar to Figures €c and 6d indicating the decreasing frac- 


ture hydtrauiic conductivity away from the monitoring zones 


Packer Testing 

In determininy Vee conductivity trom the packer 
test methcd used in this study, it was assumed that laminar 
ailow occurs between the vertical test section and surround- 
ing rocke It was also assumed the rock is a homogeneous 
isotropic porous mediume rife above assumptions are standard 
practice as outlinea by Zeigler (19706). 

A number ot methods are available to determine hydrau- 
CPUC ConUUCtiVu ty Gy this test method, and under most situ- 
ations many ot them y ield identical resultse The equation 


used tur this study was derived by iivorstev CLS Se) sande ics! s 
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where jb hydraulic conductivity eae 


excess pressure head el eign love) Keishalee sme: 


tio 
of tne test section 


R = radius ot influence ;L]; ieee the radial 
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distance irom the test section 
corresponding tc a 100 percent loss in 


excess heady, Hoe 


ba (=Tengtn “ot * tie test section (L | 
ro = radius oi the borehole [L] 
Q = voiume tilow rate [L7/T ] 


The volume tlcew rate Q was obtained trom catiibrated 
fiow reservoirs at ground surtace and averaged over timee 


The tenzth ot each test was determined by the consistency of 


tlow rate under a given pressure, the more consistent the 
rate the Shorter the duration of 2acn teste The excess 


pressure heady Hoy at the centre of the test section was 
calculated iruow the tollowinyg equation: 

Hoe hee He — sn 
where hi is the inauced ready taxen as a pressure reading 
trom the pressure gauge at a ground surtace and converted to 
head, Hc is the excess head in the boreholtey avove the stat~- 
ic water Level od the test zone, and sh is the head loss due 


tomiriction in (the pipe. The sh term was assumed to be ne zZ- 
bigipoie for this study because of tne Low flow rates and 
shallow testing depthse 

Tne radius of intluence R must be estimatede It is 
Benerattly quite small anc often assumed to pe equal tio eciae 
less than the tlength of the test Zonee A rough estimate ot 


Rk is normally adequate Since targe variations in R generally 


produce only Shatl variations in the calculated hydraulic 
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16 
conductivitye Stucies conducted by Zeigler (1976) indicate 
that changing the radius of iniluence trom 1-0 tt (0.3 m) to 
inx, 207 Peete Ca x 10° a) for a test conducted in the same 
size borehole used in this study, resulted in the hydruulic 
conductivity changing by only a factor ot 7ed5-6 

Hydraulic conductivity was calculated tor the range oft 
observed values ot excess pressure head and corresponding 
values oi ilow rates tor each zone testede Results did not 
always yield similar values tor each zone as deviations 
could occur as a result of hydro fracturing of the rock mass 
under hizh pressures or the loss of a packer seale Tests 
were performed by increasing the pressure at each test 
interval to a reasonable point and Lowering the pressure to 
attempt to dupiicate resultse A reasonable number of tests 
were periormed om each test section in borehole UWZ5I and 
the averaxe value reported aS Shown in Tabie 2. 

Results were ditficult to obtain in the cherty dolomite 
due to the high hyaraulic conductivitye Results indicated 
hydraulic conductivities ot at Least Lev x Los cm/sec 
except tor one zone towards the basey which was Stightly 
lower (1-0 x 107* cm/sec de The underlying Gasport dolomite 
and upper Rochester shale nad a hydraulic COMOUC To vil ty ok 
around Se5 x 1uU7~® cm/sece A zone of high hydraulic conduc- 
tivity was found in the Kochester shale at Lle6 —- L2.5 m and 
was > 1e0 x 1073 cm/sece This zone is the same elevation as 


Uw3-4 and compares iavorakiy with the hydraulte conduc tivi yy 
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oi Jeo x Llu-% cm/sec determined from response testinze The 
remainder of the tests indicated hydraulic conductivities to 
range trom Yet x iG?’ ca/sec to 1e0 x 1078 cu/sec in the 
Rochester shaley the Same range as determined from response 
testinge Results ct packer testing indicate that although 
the test Zone was Longer than the test zones in respense 
tests the hydraulic condtctivities obtained were Similar tor 


the various rock unitSse 


Pumping Test Results 

Analyses of pumping test data can be performed using 
numerous methods cepending on the veologic setting and 
hydrozeologic conditionse, Kruseman and De Ritter, 1979 give 
cne ot the most ccmprehensive description of nethods of 
analyses avaiiable in the Literature, and wethods wilt only 
be priefly discussea heree 

Most data are plotted in Soue LoOorm GEL time-drawdown 
curves on either single Logarithmic scale or double lLoga- 
oi thamse scalee The Shape of the resuttins curve oiten 
determines which method ot analyses are most applicable, but 
information on tne geology of the Site is also necessary to 
determine tne method most suitablee 

The met hous Esk analyses used in this stuuy were 
restricted to relatively Simple me thodse ALthouzh the 
behavior oi water sacvement in tractured rock is complex, the 


basic methods ot analyses should give reasonabie estimates 
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ot hydraulic characteristics. Generatlty, several methods 
were employed to determine it results were in reasunable 
axyreeinent to each othere 

The methods of Theis, Jacob and spoulton were the most 
commonly used in this studye Theis and Jacob metkods are 
used to determine ttre hydraulic conductivity in either a 
contined or uncontined aquitery, The Boulton methed is used 
to determine the hycraulic conductivity yield from either a 
semi-~conitiined ( leaky) aquiter or uncontined aquifer with 
delayed yielde 

The first pumping test (PTL) was performed on September 
30 and October i, 1683 with the entire Length ot UW25-I1 left 
Gpen and pumpedce Te pumping rate was initially set at 28-65 
Lemy however the water level response was Less tinan antici- 
pated and was increased to a pumping rate of JY Lpm atter 
approximatetiy JUO minutese The duration of the pumping was 
isGU wminutess Water level recoveries were ionitored for 
1440 minutes after pumping was stoppede Results of analyses 
ot hydraulic properties ter PTi are Shuwn in Tabte Je 

Sufficient water Level response data were obtained at 
14 Locations to determine nydraulic characteristics at those 
Locationse Att locations but one Showing water Level 
responses were in the cherty dolomite ( deck eont dolomite), 
which was tc be expected tased on resuits of response testse 
The only zone Showing a water Level response below this 


dolomite was UWG—--4y Located in the Rocnester shalee This 
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zone also hau a very high hydraulic conductivity trom the 
response testSe 

Results indicate the hydraulic conductivity in the 
cherty dolomite ranges from Je2 x 1072 cm/sec to lel x 1073 
cm/sec or 40 analyses pertuormed on drawdown data in tee 
locations in tne Lockport dolomitee Most anaiyses were done 
using the Theis ano Jacob method as data wenerally tit the 
Tneis drawdown curve for a contined or unconfined aquitere 
Early and later portions ot the drawdown curves were anal- 
yseu aS two ditterent puwpfping rates were usede Water Level 
recovery data was also analysede Figure 7 shows examples of 
Jacopo plots ot drawdown versus time on a semi lLoxvarithmic 
scaliee Figure 8 shows examples ot Theis plots of drawdown 
versus time on a Logarithmic scalee 

Results agreed quite well in most cases tor diztterent 
methods of analyses usede POT exampte UW3-2 had hydraulic 
conductivities of 22 x it¢-3 cif/sec for Theis (early part), 
Ze7 x 1077 cw/sec for Jacob (early part), bed 3 10-3 <ca/saac 
tor Jacob (later part) and Let x 10-7 cuw/sec for the Theis 
recovery methode 

Anaiyses ot early drawuowns at a Low puaping rate and 
later drawdowns at a high pumpiny rate using the Jacob «aeth=- 
Gd indicate a decrease in nydraulic conductivity at later 
times ut generally a tactor ot three to ivuure For example 
the nydraulic conductivity ot UW25II-2 decreased trom Se2 x 


10-3 cm/sec tu ge6 x 1U77 cm/sec and UW25TI-S decreased from 
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20 
Sse Le cufsee to 1e7°x* 10-3 én/secs This could ve the 
result voi Several tacturse The increased pumping rate could 
be drawing a wreater percentage of water out of the shallow 
zones than wuUuring to lower pumping rate, or the drawdown 
cone caused py-the pumping could be extending to a lower 
hydraulic conductivity zone than was encountered in the 
vicinity of the pumping well. 

Hy draulic conductivities appeared to show a slight 
decrease with Gadepth in the Lockport dolomite based on 
results irom PTle However these decreases are sinally)y) a tac- 
tor ot two to three and are not considered Signiticant based 
on this pumping test atones 

fne hydraulic conductivity of the only zone showing a 


water Level response not Located siya) salayes Lockport dolomite 


was Uwor-4 which is in the Rochester shalee The hydraulic 
conductivity of this Zone ranszed trom ieV x 10-3 cm/sec to 
220° 10-> cu/secs It shculd be noted that this zone is the 


same etevation as a high hydraulic cunductivity zone tound 
in the pumpiny welle 


Tne second pumping test (PT2) was performed at UW25I on 


Cetober 13, 19683 ky pumping the zone from 112-6 - 12-8 
located in the kKuctester shalee The duration ot the test 
waS J hoursy the pumping Level was tound to be too great as 
degassing occurreu in the pumping Line and it appeared that 


tiie amount of water available frou the pumping zone had 


decreased sizniiicantly (probably the result of dewatering 
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ERY 
the tracture zone)e Pumpinz was ceased and water Level 
recovery monitorede 

Results ot analyses tor hydraulic conductivities in the 
few monitoring zones to respond auarane Pi? are shown in 
Table Je Fizure 1Y shows the time-drawdown curves for UW3-4 
and UW3-2.e The drawdown curve tor Uwij3-i+ was analysed by the 
Theis and Jacob methods with tne hydraulic eonduct iv 1 ty 
determined to be ZeJ3 x 10-* cm/see and 265 x 1G6>% cm/sec 
respectivelye 

A wore Complex analysis was pertorimed utitiizing draw- 
down curves for both UW3-4 and UWJ-2- The method was devet= 
oped by Neuman and Witherspoon, 1969 and in the case of UWGy 
assumes the Lower zone ( UWJ-4 ) beins punped is an aquifer 
and the upper zone (UW3-2) is also an aquifer but is not 
PpPUmpede Tne se two aquifers are separuted by an aguitard 
through which vertical lLleaxasze occurse Results ot analyses 
imdicate the nydraulic cenductivity of UW3-4 in the Ruches- 
ter shale to be 8.8 x 107-* cm/sec. The aquitard, or upper 
zone oi the Rochester shate and the Decew Formuwation had a 
calculated verticait tydraulic conductivity of 26% x 107° 
cm/Sece Pacawaer tests eonducted in the Same zone at UW2Z5T 
had a hydrautic concuctivity of 305 x 1U7® cm/sece 


ihe third pumping test ( PTS) commenced on Octover 27, 


ta 


1$84 with the upper 7e6 m (cherty dolomite) seated off and 
pumped at a rate of 39 Lpm tor 1600 mine Results ot anatly-~ 
ses tor hydraulic conductivity are shown in Table Je Exam 


pies ot timerarawuuwn curves are shown in Fiswure 10e 
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puaping and as a res 
were determined at 

eievation as the 
drawdown curves tor 
conductivity results 
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The hydraulic conduc 


R.i0TS cm/sec using 
that rapid response 
2 minutes of punping 


were obtained and a 


Few 


oumpins 


cn/fsec wy 


anterconnec tion ) oi the base fojre ane 


in the upper Part of thecbock peat 


nwo Te wars. 2709) iii. at a punpine 


tyses ot the hydraulic properties 


mconitorinsy zones responded during the 


ult Gioy turece hydrauLvlic conuuwe tavitios 


two z4oOnesy OKCE OMS we A alalgou al were the Sane 
ZUiLe e Figure ll shows the time- 

GU¥2—2 and U#¥5—26 UWJ—-2 showed hydraulic 
of SGeZ x 1077 em/sec by the Theis meth- 
the Glover, ioody and Tap methode 
tivity at UWs-2 was determined to be Se4 
the Theis metnode iets snould be noted 
occurred at UWieks = I se erin Soe ner be aanSsat 
Aid Cue ye S Ca Zdis NO Garty Gaya 
Ss a resuit nv analyses coulda be Dpent= 


Lorimede 

RMIVeCDtEoonyarauUlae Conduct iv ity Was Ueternined avGcve 
tre monitoring zone at UWG—2 usins the slover,;,. Hoody und Tap 
met hode Results unatcate tne: vermtiecd boeayaraltic Gondsc 2 Vv i— 
Lye tT Oma OF the oraer cir 660 x LJ7® CH/ See ine thes) gion vom 
Gi the Lockport doicmitee 

in Summa rizade the gquaamtitative results of the hydrau- 
CAC characteristics ol Zones pumped in the previously 
described tests VeCrann be seen fron Tabie 3 that results 
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senerally azreed quite welt between tests and aetheds usec 
tu analyse the resuitse The prime water bearing sone was 
the Locaport dotomite, the upper most roc unity, SHOE e) MAS \oMeNa 
tne Uppem Ottawa Street tCandiivi Liese tFitteen zones were 


anatysed irom the fcur pumpinzsz tests usinz 7 difterent meth- 
ogS of analyses to obtain Si values of hydraulic cenductivi- 
tTiecse These values ranged irow ef LOS “mas See to, iat = 
hon 4 ci/Secy, Showing a retativery consistent value Ot 
HyUPAUL ICG Conductivity within the Locaxport dolomite, as wettL 


as Cunsistent value 


tn 


between diiterent methuds of analysese 
Pwomevcicmuld GC Meonuue tt Vicy hese rm ma pt ons were wade in 
She VvVerta ca l GLB ioverer my skteyo MY Skamaishigy ielayen) My Cken moka ions dolomite. One 


Ces La tne Zone above UNZoLLI—s in PES; indicates a verti— 


Cal hydraulic conductivity of 2 x 107* cm/sec while the oth-= 
er test wade in the zone above UWj-2 indicates a verticat 
NESE EOL NG. Cerenniahwyes Ay slsesy “ene sy) se ey eny/ cre Aithouzh there 
is Linited aata ow vertical MAU bore yE tle exeoudtwle, 29h 7 cay the 
isle WHOL Lelie Create) mibia Goat is tower than the horizuntatl 


hydsavicele CGAGUC GiVity Dy one toe three opdens of maenitudes 


Hydrautic conductivities determined for the only water 
Dearane 2one Luoune bevow the Lockport dolomite, ate U Weir aL 
the Rochester shale ranged iro: Sem ture? te, 205 x kos 
cm/Sec tor Sin analysese MN See eer LOMO m@paualrer ce sky any 
se] Ilene eacoeys. Pron oc hee wer sliabe (nid Jyecew Foeoraution vetween 
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CCNCLUSIONS 

Results oi several methods of determining hydraulic 
conuuctivities in fractured dolomite and shale indicate that 
smali scale and iarge scale tests yield similar results and 
that Tie water ievet recovery data fron response tests imay 
Bive a reasonable iaea ot the Cette es Ol irae ou en a witht instal a 
Reci Writ fs 

Results of response tests of Ved uw - LeU m intervals in 


SEY dul iasey GaRyisbestenL sue (Ce cemeeiiKe AGE Gstease erongeyy dolomite of the Geat 


isltanu Mewoer Oe he, Whore hoe t bb Otis VaeOr) sei eae ate that- the 
IP relereuy iy suey ZOveyeusiGre is sun ou nga is apdproxtiimatery ites x iv-4 cm/sec 
with Some values as teow as i x 10 c.n/SeCe Response tests 


in the tower hydraulic conductivity Snates and snaly dolom- 


ite= were on the order of 1u-* = 10-" cufsec, witn ore val— 
Gerot Aseb x LUT? cm/sec. 

Many of the tow Bydrvtamlire Conductivity womes exhiod ted 
non -aanecar water ievel recoveries on a seai-loxvaritnmic 
ElOot, while most Ob Stine webs myccirea lac conductivity zones 
exhibited a tinear responsee Diets would indicate that the 


Took units with hiezh hydraulic conductivities show well con= 
fies Crete Eractwupes White the Lower nha? eieele we iG abe: Grey ey elena ste 1h G2 aK 
Units siluow u Varyines devyree oi tTracture connection, Citen 


decreasing with distance from the monitorin2a z2onee 
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ABSTRACT 


Purely deterministic modeling of contaminant transport in fractured media is 
rarely feasible for problems of practical significance owing to difficulties 
involved in specifying fracture locations and parameters governing the details of 
hydraulic characteristics. Three alternative models are  availaole: 
stochastically-generated discrete fracture models, continuum models, and dua!- 
porosity models. The first technique is limited to small problems on the order of 
a few hundreds of fractures. Although the other two techniques are forced to 
sacrifice an accurate representation of the physical system in order to address 
regional- or field-scale problems, they remain the only methods currently avail- 
able for studying problems at these scales. Some of the simplifications that are 
often made with these techniques are that fractures are extensive rather than 
finite, either do not interact or meet at some consistent angle, or that apertures 
are constant either within a set or within an individual fracture. These assump- 
tions, by neglecting or simplifying the interactions between individual fractures, 
may falsely represent the hydraulics of the network as well as the effect of 
potentially important attenuation mechanisms on the transport of contaminants 
within a real fracture system. Continuum approaches commonly also invoke a 
Fickian model for the description of macroscopic dispersion. The applicability of 
such a model to fractured media has not, however, been established. 

The present study assesses the limitations of current conceptual models 
through a sensitivity analysis, examining the response of a few realizations of a 


stochastically-generated, two-dimensional network of discrete fractures within a 
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small region. Flow and advective-dispersive transport within the fractures are 
simulated using finite element techniques. 

The effect of changes in the fracture geometry, represented by the variabili- 
ty of the fracture apertures and the degree of interconnection of fractures in the 
network, is studied in detail. The simulations demonstrate that om a local scale, 
flow and transport in fractured media are very sensitive to uncertainties in the 
statistical parameters describing the geometry of a fracture network. The single 
most important parameter may be the network connectivity. Vagaries of inter- 
connection can produce preferred pathways, which may occupy the medium- to 
large-sized fractures rather than the largest features. The common wisdom that 
flow is governed by the largest fractures may be a fallacy in the case of a net- 
work of finite fractures. 

For the limited number of_ realizations tested, macroscopic transport 
appeared relatively insensitive to changes in fracture network geometry, at least 
for a Conservative tracer. Variations in fracture aperture proved more signifi- 
cant when coupled with ion-exchange or sorption reactions, however. For a reac- 
tive tracer, the mean residence time observed was less than the value expected 
for the mean aperture but more than that predicted for the largest fractures. 

Although observed macroscopic dispersion was not strictly Fickian, such a 
model may still provide an approximate indication of the averaged response of a 
fracture network. The macroscopic dispersion was somewhat enhanced by retar- 
dation. Diffusion to deadend fracture regions decreased the observed macroscop- 
ic dispersion coefficient, and delayed the tracer velocity roughly in proportion to 
the volume occupied by deadend regions. 

The study points out several limitations of current conceptual models for 


problems pertinent to contaminant hydrogeology. Selection of appropriate innut 
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parameters amd boundary conditions is at best tenuous. Computed mean aper- 
tures may be an order of magnitude ragiiae than the true value, influencing the 
predicted retardation due to sorption Bee matrix diffusion. Attenuation via 
matrix diffusion may also be affected by control of transport by a few preferred 
pathways rather than transport being uniformly distributed throughout the frac- 
ture network. Care should be taken in selecting eccrcerate input parameters to 
avoid overestimating solute attenuation. As with any model, stochastic-discrete 
models, continuum models, and dual-porosity models should only be applied with a 


clear understanding of their limitations. 
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Chapter | 


INTRODUCTION 


The geometric characteristics of natural fracture systems are notoriously 
complex; even within a single fracture, the small-scale hydraulic properties will 
vary with location in a manner difficult to quantify. Yet if the bulk hydraulic 
properties of an individual fracture were accurately determined, this may have 
little relevance to the prediction of solute transport in fractured media, as trans- 
port processes are noted for their sensitivity to deviations from average flow 
properties. When difficulties in predicting transport within a single fracture are 
compounded by extending the problem to a network of intersecting features of 
finite length and variable roughness, orientation, spacing, and aperture, it 
becomes apparent that purely deterministic modeling of contaminant transport is 


infeasible for virtually all situations of practical significance. 


Uk Modeling Approaches 

Three alternative approaches have been used in simulating transport in frac- 
tured media. One technique is to ignore the effect of individual fractures or to 
lump them into a hypothetical equivalent porous medium; this is referred to as 
the continuum approach. Much attention has been directed towards techniques 
for determining the effective hydraulic conductivity of such a medium e.g,, 
Snow, 1965, 1969; Parsons, 1966; Long et al., 1982), and recent progress is being 


made in studying its dispersive characteristics (Smith and Schwartz, 1984). At 
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2 
present, however, little is known about the relationship between the geometrical 
characteristics of a particular fracture system and the effective average velocity 
and dispersion coefficient that would be appropriate to use in simulating trans- 
port in an equivalent continuum, let alone whether such an approach is valid. 

A second technique is to couple the presence of advective transport in frac- 
tures with the capacitance effect introduced by diffusion into the intact matrix 
blocks. This is commonly referred to as a double-continuum or dual-porosity 
approach, and requires a simple geometry for the matrix blocks. Analytical solu- 
tions are available for flow and transport in a single fracture with diffusion to the 
matrix (e.g., Tang et al., 1981; Rasmusson and Neretnieks, 1981) or in a system 
of parallel, noninteracting fractures (Sudicky and Frind, 1982). Numerical solu- 
tions have thus far been limited to systems of parallel fractures (Grisak and 
Pickens, 1980; Bibby, 1981; Noorishad and ahieans 1982) or to systems of subor- 
thogonal fractures in which the matrix blocks can be represented by simple 
structures such as prisms or spheres (Huyakorn et al., 1983a,b). The ability of 
matrix diffusion to safely attenuate contaminants in fractured media is sensitive 
to the rate of fluid advection and to the ratio of the volume of the contaminant 
within fractures to the surface area it contacts; in a network of finite fractures, 
these parameters are dictated in part by interactions between individual features. 
Because dual-porosity models neglect or greatly simplify such interactions, speci- 
fication of hydraulic parameters that adequately represent those that would gov- 
ern transport in a real system is again problematic. 

The third approach to simulation of transport in fractured media is to try to 
incorporate as much information as possible concerning the statistical or probabi- 
listic distribution of geometrical characteristics in a discrete-fracture approach, 


and simulate networks of fractures using stochastic techniques. Much progress 
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3 
has been made in recent years in the characterization of the statistical geome- 
trical characteristics of fractured media. This information has been used in 
stochastic-discrete fracture simulations of flow (Long et al. 1982; Rouleau and 
Gale, 1984) and transport (Schwartz et al. 1982, 1983; Smith and Schwartz, 1984) 
in two-dimensional networks of fractures. Such an approach represents a distinct 
improvement over early studies of flow or transport in discrete fractures (Wilson 
and Witherspoon, 1970; Castillo et al., 1972a,b;  Krizek et al., 1972), which 
assumed that fracture networks were perfectly interconnected and that fractures 
were evenly spaced, meeting at a constant angle. The principal advantage of 
stochastic-discrete network models is their superior ability to represent flow 
within a fracture system. Equivalent porous medium models or dual-porosity 
models assume either a single flow velocity within the fractures or at best a sim- 
ple distribution of velocities. Stochastic-discrete fracture network models oDre- 
dict a continuous distribution of flow velocities over a wide range, and allow 
contaminants to preferentially follow certain pathways. Because of their more 
accurate representation of real fracture systems, they can be an invaluable tool 
in developing insight into physical processes governing flow and transport in real 
systems. 

Despite the enhanced ability of these models to represent flow processes, 
these stochastic-discrete fracture models suffer from several major limitations. 
Most important is their present inability to incorporate the diffusive transfer of 
solutes to the matrix regions. Unless fracture orientations are assumed constant, 
characterization of the geometry of intrablock regions is difficult even in two 
dimensions. Without some specification of the geometry of these regions, how- 
ever, transient diffusion to the matrix cannot be incorporated in a rigorous man- 


ner. 
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Application of stochastic-discrete fracture models requires an understanding 
of the structure of the probabilistic distributions describing fracture spacing, ori- 
entations, lengths, and apertures, at a minimum. In spite of the rapid progress in 
the statistical characterization of these geometrical parameters, particularly for 
crystalline rock, little information is available to indicate whether distributions 
observed in one rock type have any relationship to those which may occur in other 
lithologies. Acquisition of the information required for the characterization of 
the geometry of a fracture network can be extremely costly or even virtually 
impossible, and the reliability of the results is sensitive to several sources of bias 
introduced during the sampling program. The applicability of any stochastic- 
discrete fracture model to real problems is limited by the high degree of uncer- 
tainty associated with the input parameters. 

A further disadvantage of this approach is that, depending on the density of 
the fractures, computational limitations may restrict their application to areas 
less than a few tens of meters square. At present, simulation of most problems 
requires applying either a continuum approach or a dual-porosity approach. Such 
approaches may be acceptable for problems related to groundwater or petroleum 
reservoir evaluation in fractured media or possibly for transport on a regional 
scale. Their applicability to field-scale problems, however, in which the region of 
concern is in relative proximity to a contaminant source, is of considerable 


uncertainty. 


1.2 Study Objectives 
The present study has two primary objectives. The first is to address the 
impact that some of the statistical input parameters can have on the hydraulic 


behavior and transport characteristics of a fracture network through testing the 
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5 
response of a stochastic-discrete fracture model. The results may be useful in 
assessing errors associated with any model predictions of flow and transport in 
fractured media, but are especially suited to extending our understanding of the 
relative importance of the various parameters that govern these processes. 

The second objective is to provide insight into limitations that may be asso- 
ciated with applying a continuum or dual-porosity approach to the simulation of 
transport in field-scale problems. Particular attention is devoted to the exami- 
nation of macroscopic, or averaged, flow and transport characteristics, and their 
relationship to hydraulic parameters on a local scale. If either approach is 
deemed valid to apply to a particular problem, the present study may assist in 
determining values of flow velocities or macroscopic dispersion characteristics 
that may be appropriate as input to continuum or dual-porosity models. 

These objectives are addressed by performing a series of simulations of flow 
and transport in fractured media, using a stochastic-discrete fracture model. The 
sensitivity of flow and transport processes to changes in variability in fracture 
aperture and fracture connectivity is examined both in terms of the simulation 
results on a local scale within the network and in terms of the macroscopic 
results. In addition to these geometric parameters, the effect of attenuation 
mechanisms such as ion exchange or sorption reactions and diffusion to deadend 
fracture regions is also studied. Particular emphasis is placed on the interaction 
of the geometric parameters with the attenuation mechanisms. 

To assess the applicability of a continuum concept for transport in fractured 
media, the macroscopic results are studied in detail to determine whether any 
relationship can be discerned between transport parameters on the scale of an 
individual fracture and parameters averaged over an entire network. Factors 


affecting both mean travel velocity and macroscopic dispersion are investigated, 
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6 
as well as the validity of a Fickian model of dispersion to macroscopic transport 
in fractured media. 

The remainder of this thesis is divided into five sections. The next section 
(Chapter II) sets forth the conceptual framework by examining processes govern- 
ing transport in fractured media. Chapter III describes the techniques employed 
for generating a network of fractures and for simulating flow and transport. 
Techniques used to analyze the results are also described. The computer models 
developed as part of this study are presented in the Appendix. Chapter IV pres- 
ents the results of the sensitivity analysis with respect to the variability of frac- 
ture apertures and degree of interconnection of fractures within the network. 
Chapter V tests the response of the system to attenuation mechanisms, and 
includes a study of the scale-dependence of macroscopic dispersion. Finally, 
Chapter VI critically assesses dual-porosity and continuum approaches in light of 


the simulation results. 
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Chapter Il 


TRANSPORT CONCEPTS FOR FRACTURED MEDIA 


Poy) Fiow and Transport Relationships for a Single Fracture 


Ztail Flow in a Single Fracture 

Considerable research effort has been devoted to the study of flow in fractured 

media within the last twenty-five to thirty years. Much of this research has been 

summarized by Wilson and Witherspoon (1970) and will not be reiterated here. 
Most studies of flow in fractured media idealize an individual fracture as an 

opening between two smooth parallel plates. With this analogy, the hydraulic 


conductivity K¢ of a single fracture can be given as: 
Ke = (pg/12p)(2b)° (1) 


where Ky is the hydraulic conductivity of the fracture, pis the fluid density, g is 
the gravitational constant, p is the dynamic viscosity, and 2b is the fracture 
aperture. The volumetric discharge Q per unit thickness of the fractured medium 


can be shown to be equal to: 
Q = (K¢)(2b)Vhb (2) 


where Vh is the hydraulic gradient. From this it can be seen that the volumetric 
discharge through a fracture is related to the cube of the fracture aperture, 


whence the ‘cubic law’ for flow. If a fracture has a rough surface, the parameter 
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8 
(2b) is interpreted as the effective hydraulic aperture. Because of wall roughness 
and because of the finite nature of real fractures, effective apertures calculated 
from flow rates and pressure gradients tend to be smaller than real fracture 
apertures (Gale, 1982). If a fracture has a variable rather than a constant aper- 
ture and the aperture variation is small, flow can still be approximated by a par- 
allel plate analogy with an opening equal to the mean flow path aperture. The 
relationship between effective fracture aperture and mean aperture becomes ‘ess 
simple as the topology of the fracture becomes more complex. The validity of 
the cubic law to the description of flow in a real fracture is discussed ov [wai 


(1976), among others. 


7G 4 Dispersion in a Single Fracture 

Much less attention has been directed to the study of transport within a single 
fracture. Because the focus of thé present study is on transport rather than flow 
in fractured media, it is pertinent to examine some of the relevant theory in 
detail. 

Analyses of tracer experiments in real fractures is complicated by the sensi- 
tivity of the results to channeling produced by variations in fracture aperture, to 
diffusion into microfractures and the rock matrix, and to sorption both on the 
fracture surface and in the matrix (Neretnieks et al., 1982). As im the case of 
flow within a single fracture, transport becomes much easier to describe if actual 
fracture geometry is simplified using a parallel-plate analogy. 

In the absence of geochemical reactions or diffusion to the rock matrix, 
transport within such an idealized fracture can be described in terms of the 
familiar one-dimensional advection-dispersion model, as described by Taylor 


(1953, 1954) and Aris (1956): 


ac/at = Dpa@c/ax* - vac/dx (3) 
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where, for transport between two parallel plates, Dy, the hydrodynamic disper 


sion coefficient, can be given (Turner, 1959; Philip, 1963) as: 
Dr = Dg + (1/210)v%(2b)2/D, (4) 


where D, is the free-solution diffusion coefficient and v is the average velocity 
across the width of the channel. 

This model expresses the importance of molecular diffusion to the transport 
process. In the absence of molecular diffusion, the parabolic velocity profile 
developed during laminar flow would theoretically result in the presence of infi- 
nitely large dispersion, as the concentration measured at a distant point would 
never quite attain the concentration of the injected tracer. The center 2f mass 
of the solute would travel at an apparent velocity less than the mean velocity 
across the channel. Taylor's work showed that, because of radial transfer of 
solute via molecular diffusion across the concentration gradient produced by the 
parabolic velocity profile, the center of mass of the injected solute will after 
sufficient time has elapsed) travel at the average flow velocity. 

The second term in equation (4), as pointed out by Nunge and Gill (1970), pro- 
vides a great deal of physical insight into the nature of the dispersion process 
within a single fracture if the numerator is interpreted to be a measure of axial 
advection and the denominator to reflect the intensity of transverse mixing rath- 
er than just transverse molecular diffusion. Any mechanism which increases 
transverse mixing, such as turbulence, reduces the hydrodynamic dispersion coef- 
ficient within an individual fracture. The dispersion coefficient is enhanced by 
features that increase the concentration gradient across the channel or distribute 
the gradient over a greater area, such as large differences in velocity across the 


flow or a large channel width. A capacitance effect produced by roughness on 
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10 
the fracture wall increases the concentration gradient across the channel by pro- 
ducing pockets of stagnant flow, increasing the dispersion coefficient. Such an 
effect could also be produced by diffusion to deadend fracture segments and 
regions of slow flow; this is analagous to the situation discussed by Coats and 
Smith (1964) for porous media containing regions to which transport is controlled 
by molecular diffusion. The effect is similar in concept to the capacitance effect 
produced by diffusion to the matrix, discussed by Neretnieks (1980) and by Tang 
et al. (1981), among others. In the case of diffusion to the matrix, the effect on 
the macroscopically-observed dispersion coefficient can be so pronounced that in 
many cases purely hydrodynamic dispersion can be neglected within an extensive 
fracture in a porous rock mass in comparison to the effect of diffusion to the 
rock matrix. 

Most authors who have studied transport in networks of fractures in the 
absence of diffusion to the matrix have assumed that hydrodynamic dispersion 
and molecular diffusion can be neglected (Castillo et al., 1972a; Krizek et al., 
1972; Schwartz et al., 1983). Whether this assumption is valid in the presence of 
a potential capacitance effect introduced by the presence of deadend fracture 
segments and regions of essentially stagnant but slow- moving flow is subject to 
question. 

Equation (4) shows that the hydrodynamic dispersion coefficient observed 
within an individual smooth fracture of constant aperture should vary with the 
second power of the flow velocity. As discussed by Perkins and Johnston (1963), 
dispersion in porous media is more likely to vary as v" with no ranging from 1.0 to 
1.2. The reason for this discrepancy lies in the difference between the 
mechanism of mixing in a uniform simple structure and in a system of intercon- 


nected capillaries. The linear- or near-linear relationship of the dispersion coef- 
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ficient to the flow velocity has encouraged the introduction of the concept of 


dispersivity as a constant geometrical characteristic of a porous medium: 
aT .= Driv 3) 


Neretnieks et al. (1982) observed an approximately linear relationship between 
the flow velocity and the dispersion coefficient for transport within a single nat- 
ural fracture, with a dispersivity a; of 25 mm. This implies that mixing pro- 
duced by variations in aperture within a real fracture has an important effect on 
transport processes. Little information is available concerning the range of 


validity of equation (5) for transport within a single fracture. 


2.2 Macroscopic Fiow and Transport Concepts 

Flow and transport within a network of fractures obeys the same physical 
laws that characterize these processes within an individual fracture. If it were 
feasible to apply stochastic-discrete models to field-scale problems, there would 
be little point in investigating macroscopic flow and transport concepts. For the 
purpose of assessing the validity of dual-porosity or continuum approaches, how- 
ever, the averaged or macroscopic response of a fracture system is of great 
interest. As used in this study, ‘macroscopic’ refers to results averaged over the 
simulation domain. This usage conflicts with that of Bear (1972), in which the 
term is applied over a representative elementary volume or REV that usually only 
comprises a emai portion of the simulation domain in the case of porous media. 
For the present study, the REV for transport was considered to consist of the 
entire fracture network rather than a small subsection of it. The term ‘macro- 
scopic’ has been applied to the description of dispersion on the scale of a simula- 


tion domain by Schwartz (1977) and by Gelhar and Axness (1983), among others. 
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22 Relevance to Dual-Porosity Models 
If a dual-porosity model is used to describe transport in fractured media, some 
manner of determining the appropriate fracture aperture(s) or velocity distribu- 
tion is needed. These models assume individual fractures are infinitely long; such 
an extensive network may be hydraulically quite different from a network of 
finite fractures. Insight into the relationship between the actual complex veloci- 
ty distribution within a real fracture network and the effective velocity of a 
tracer is required, as well as an appreciation of the errors that may be introduced 


by simplifying the interactions between fractures by assuming a simple geometry. 


7 Pa 4 Relevance to Continuum Approach: Applicability of Fickian Model 

If there is any attenuation of contaminants owing to diffusion to the matrix, dis- 
persion, geochemical interaction with the rock, or diffusion to regions of rela- 
tively stagnant flow, the effective transport velocity may bear little resemblance 
to the flow velocity even within an individual fracture. In turn, the relationship 
between the rate at which the center of mass of a plume of contamination moves 
through a fracture network and the magnitude of the flow velocities within indi- 
vidual fractures may be even more ambiguous. 

If a continuum model is used to represent transport within a fracture net- 
work, it is necessary to specify both an appropriate velocity field and the disper- 
sive characteristics of the medium. Not only does this involve finding the 
relationship between the complex distribution of velocities within an actual frac- 
ture system and the hypothetical ‘effective’ velocity distribution within the 
equivalent porous medium, but it also requires determining the impact that the 
complex geometry of a fractured medium will have on the spread of a tracer. 
Transport within porous media has traditionally involved the advection-dispersion 


model, which assumes that dispersion can be described as a Fickian (diffusive) 
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13 
process with a comstant dispersivity or dispersion coefficient. This implies that 
dispersion is random, eventually producing a Gaussian distribution of contami- 


nants in which the spatial variance is proportional to the time elapsed: 
a 
6x° = 2Dzt (6) 


The model is not in general valid for heterogeneous media, in which contrasts in 
hydraulic conductivity result in a macroscopically-observed dispersion coefficient 
that increases with residence time. Under certain conditions, the dispersion 
coefficient may asymptotically attain a constant value (Gelhar and Axness, 1983; 
Sudicky, 1983). Although the diffusional model of dispersion may then be applied 
using the asymptotic dispersion coefficient, many kilometers of travel may be 
required to achieve a constant macroscopic dispersion coefficient, and the ques- 
tion of how to treat transport in the near-field remains. 

The applicability of the diffusional model of dispersion to the description of 
transport within a network of intersecting fractures has not been established. 
Many mechanisms contribute to macroscopically-observed dispersion in fractured 
media, principally matrix diffusion, mixing of fluid at intersections, diffusion to 
relatively stagnant flow regions, velocity variations within a single fracture, and 
velocity variations between fractures. Neretnieks (1983) considered macroscopic 
dispersion produced by velocity variations between parallel, noninteracting frac- 
tures of differing size, concluding that the observed dispersion coefficient will 
increase without bound with increasing ain This is similar to Mercado's (1967) 
results for stratified media in the absence of interactions between layers. Ner- 
etnieks showed that for such a system of parallel fractures, the temporal vari- 
ance oP of the tracer mass can be related to the average residence time t, and 


the log standard deviation o of the fracture aperture distribution: 


(a/te)® = exp{4(In 100})°} - 1 (7) 


ti 

‘pom: eeligatt cfT cdasiottiec? apiebay ap ytivievsrli 

-\nasces Ve onliiSisce uate ap gasebom {Raviews 
the opti anal? ade of iemoktegorg a ecaatsey Lateqe 


- 


| 1yGS = “ge 


7 
a 
fi) t10tees tisite naling ubcesegetered ee? idler Laracnty a: Somali ben @ 


; r 7 
eate ie Geemaypu Ge regede-yliesigpetncie] 8 al tlie Tones OIMEt 
: : a ne 

eviorel dy cme eget epbel enti? enopbleet alle a 


TS0\ .ecx4 ba <acllanp) seule Jtier ait i toneres fae Jae 
Lajas @ ved? gem eiipreqah Ws ie6em ientin tit ads egpotslA, e801 
Jam Wren te ments ype, gosteitiean: es ue 
mi) nos “pglebtiees corafwlt oiecseorpict: taasenéo & Ovubdan 672 
pi side ibn Thangs 637 2 soma sen 0 Wa 

4 aoligzacebs ooomngelh te iskea Lennie ttle ud? Yc ellisendlgga oi 


fine ncise G19 ng emuusset! gebaetieba’ © Gwwtee 3 aide 3 vom 
a 


vices) & oteeaal> ee wese-yi 2 s9ss8ia see OF a 


Pe 


- <5 

> ebheu) TD ..agul: ‘é te Sil? Se P= Js nedaw Tb nem of Ad + oe vane 
- aa \ 

‘ « - ft ; Ps 

ostraest mete ac dete ae ernk ieee waster oof tmaacgese yy. dhe 


fytsete> ial SowAle. 0) @aichew*®, .etutcet! espera 
jaltseeunecey ,lelinegl) Weonded cxcHtaney yitaley i Benuber 4 a 
ie Scheel) Severe ety dad) palivtsass si yore 
wet openly wehpece cite dened saaliet rs 
alt .o9ade) (Greed Gaelssi- ial jo oonpeds Gar & slhes beftizaszs 30? 8 
5y lads as* (plaasy fe epeters « 2709 vol a oe . mr 
me .7 eett Qualia Gyaseveead! ¢¢ Sesaiot of BAT Guam 29087) ati to * ian: 
7 ply it ” 


ee a 


uf 


wnelia=rh) ees ae. sevitend ed: =. —e 


st j= Aieerh adi been, oe Bates! 


14 
Because the effective dispersion coefficient of the system of parallel fractures 


can be related to the temporal variance of the tracer mass at a given distance by 
Dr = 1/2 vx(o4/tp)” (8) 


it is possible to estimate the effective macroscopic dispersion coefficient at any 
distance x in the absence of mixing between fractures or diffusion to the matrix. 

Just as molecular diffusion within a capillary tube produces a finite rather 
than an infinite longitudinal dispersion coefficient (Taylor, 1953), and just as 
incorporating transfer of solute between layers in porous media may with time 
produce a finite rather than an infinite dispersion coefficient (Gelhar and Axness, 
1983; Sudicky, 1983), it might be argued that incorporating interactions between 
fractures could result in a dispersion coefficient that asymptotically approaches a 
constant value with time. Saffman (1960) applied a Lagrangian correla‘ion func- 
tion technique to the study of dispersion in a statistically isotropic network of 
straight capillaries of constant length and radius, and showed that the distribution 
of a tracer is asymptotically Gaussian. Whether this is also true of 
macroscopically-observed dispersion in a geometrically complex network of frac- 
tures has not been demonstrated. 

If a diffusional model of dispersion is used to represent transport in fractured 
media via a continuum approach, it is necessary to demonstrate whether macro- 
scopic dispersion in a fracture network is Fickian and whether the effective dis- 
persion coefficient is constant or increases according to some clearly-defined 
function. Both of these questions are addressed in the present study. Schwartz 
et al. (1983) examined aspects of this issue for the special case of a network of 
orthogonal fractures of equal aperture. The authors concluded that a Gaussian 


distribution of mass was only observed when the expected value of velocity was 
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15 
the same in each fracture set, and the spatial variance of the tracer did not in 
general increase in a consistent fashion with time. The authors related aon- 
Fickian behavior to large standard deviations in the flow velocity distribution. 
Their study involved a relatively simple fracture geometry, and simplified the 
tramsport process by neglecting the effect of hydrodynamic dispersion along a 
single fracture. Although this process may be relatively unimportant compared 
to the dispersion introduced by mixing at intersections, neglecting the transfer of 
solute to slow-flowing regions of fluid via molecular diffusion may be unrealistic. 
Matrix diffusion, which may well be the most important dispersive mechanism in 


reai systems, was also neglected. 


oe — a eee 
ee shige tt Se stor er 
subtidal otolet well et at abmiteivaly tnabaats oral OF 908 
alt Dulles bad eteeoey, aeuiaiNT aaaeate flevtralen 4: Beeteres 
o goolt . crept siimesghoatgs 44 paetle eds gelrselgen 

~aeees Woemregeie: Plarlinide ad Tear Meazom, Bs! | 


* wheres ef) pettonlgae captievesithi ge peaks odd + nodereqall 
a a 
Au eres of vie cle relesabie aly Moll to anpiges rola of 


dt 4s) 
i si egteer swemerth infivegtdl (ui et 9@ low vee toate 


Chapter Ill 


SIMULATION TECHNIQUES 


3.1 Fracture Network Model 

For the purposes of the present study, a fractured medium is considered to 
consist of one or more distinct sets of smooth planar features, a set being defined 
on the basis of similar but variable orientations, lengths, and apertures. The 
fractures are all oriented at right angles to some reference plane; although the 
extent of each feature is finite within the reference plane, fractures are infinite 
in extent perpendicular to this planes As the hydraulic aperture of each individu- 
al fracture is assumed constant, flow is two-dimensional within the network of 
fractures along the reference plane. 

Such a conceptual model, of course, represents a significant simplification of 
the geometry of a real fracture network, one which may have a profound impact 
on the hydraulic and transport properties of the medium. Real fractures are not 
smooth planar features, nor do they have a constant hydraulic aperture. The 
assumption that flow is two-dimensional is invalid for most lithologic units. Many 
rock types contain three or more sets of fractures dipping at different angles; in 
such units, it is impossible to define any plane in which flow is restricted. Incor- 
porating variations in aperture along individual fractures or three-dimensional 
networks of fractures in any numerical scheme while maintaining the finite char- 


acteristics of fractures and variability in orientations within a set is, however, a 
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17 
complex problem that has not yet been successfully solved for networks contain- 
ing a large number of fractures. Nonetheless, the applicability of -wo- 
dimensional models to real problems is limited. 

Some lithologic units do appear to possess a two-dimensional network of 
fractures. Observations of fractured till at a number of locations in Canada sug- 
gest that fractures are predominantly vertical features; horizontal or sub- 
horizontal features are rare or virtually absent (Grisak and Cherry, 1975; Grisak 
et al., 1976). In such a system of fractures, the assumption that flow and trans- 
port are two-dimensional processes may be justifiable, although limitations 
imposed by other assumptions remain. 

Numerical simulation of a two-dimensional fracture network was accom- 
plished using a stochastic-discrete fracture generator. This generator, which 
produces a network of intersecting fractures represented by lines, is similar to 
those described by Long et al. (1982) and Rouleau and Gale (1984). It differs from 
that described by Schwartz et al. (1983) in that fractures need not be orthogonal. 
The source code, including a description of input parameters, is included in the 
Appendix. 

Any number of sets of fractures can be generated. The geometry of each 
individual fracture is described in terms of the location of its centroid within the 
generation region, and its orientation, length, and effective hydraulic aperture. 
These parameters are determined by random sampling of a population character- 
ized by some designated probability distribution function. 

For each set, the locations of the fracture centroids are generated first. 
Factors influencing fracture location distributions are described by Priest and 
Hudson (1976). Fracture centroids are assumed to be randomly distributed within 
the generation region; thus, the presence of one fracture does not affect the 


chance of another occurring in its neighborhood. 
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Once the locations of the fracture centroids are determined, values of frac- 
ture orientations are selected. Field observations of fractured till in southern 
Ontario suggest that orientations of individual fractures within a set follow a 
normal distribution, which can be described in terms of a mean uo, and a stan- 
dard deviation 65, (D. E. Desaulniers, 1983, personal communication). Fractures 
in other rock types have been observed to obey a similar distribution. An orien- 
tation is assigned to each fracture by random sampling of a normally-distributed 
population with a value of w., and do, specified for each set. 

Fracture lengths have been described as following either a lognormal distri- 
bution or a negative exponential distribution (Rouleau and Gale, 1984; Cruden, 
1977). There currently does not appear to be any compelling evidence demon- 
strating which distribution would be more appropriate for the present study. For 
simplicity, it was assumed that the lengths of individual fractures within a set 
can be characterized in terms of me isonorndl distribution. Parameters are said to 
be lognormally distributed with a mean (in the case of fracture lengths) uj, ; and 
a standard deviation oj}, ,, when their logarithms are normally distributed. 

Finally, apertures are selected for each fracture. Direct measurements of 
fracture apertures in outcrops and estimates of effective hydraulic apertures of 
equivalent parallel- plate openings from hydraulic testing in boreholes have been 
shown to follow a lognormal distribution (Snow, 1970). For the present study, the 
fractures are assumed to be hydraulically smooth with a constant aperture: thus, 
the actual fracture aperture is equivalent to the effective hydraulic aperture. 
The apertures of each of the fractures in a set are determined by randomly sam- 
pling a lognormally distributed population with a mean aperture jp 2p and a 


standard deviation 9), 7}. An example of a fracture network generated in this 


manner is shown in Figure l(a). 
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Required input to the fracture network generator thus includes the dimen- 
sions of the generation region, the number of fracture sets, the number of frac- 
tures within each set, and several statistical parameters describing the geometry 
of the fracture network (Hor, dor, Hin Ly Sin Ly Hin 2b» and dip 2p). The parame- 
ters used to generate Figure l(a) are listed in Table 1. As previously discussed, 
determination of appropriate values for these parameters is at best a tenuous 
procedure. For -some media, many parameters may even be impossible to meas- 
ure. This introduces considerable uncertainty into the ability of a stochastic- 
discrete fracture model to simulate processes in a real fracture system. 

The effect of this uncertainty on flow and transport within the system can be 
examined through successive realizations in which all network parameters gener- 
ated in an initial realization are held constant except for one, and examining the 
impact on both the average and local flow and transport processes. This is the 
approach that was followed in the present study. Special efforts were taken in 
generating fracture networks to minimize the number of factors that might 
change between one realization and the next. For this purpose, once the values 
of the parameter being tested are randomly selected, they can be assigned to the 
fractures in a designated sequence. As an example, in studying the effect of pro- 
gressive changes in 6}, 2}, on the transport of solutes in the network, the values 
of fracture aperture generated were sorted by magnitude before being assigned to 
the fractures so that the largest fractures always occupied the same relative 
position within the network. In effect, this constitutes a greatly simplified Monte 
Carlo analysis. Although conventional Monte Carlo techniques can be invaluable 
in quantifying the uncertainty associated with the prediction of contaminant 
transport for a given set of conditions, it can be difficult to extrapolate results to 


a different set of conditions. The present technique is more useful in developing 
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Table 1 


Input parameters used to simulate fracture network shown on 
Figure 1 (a) 


Number of fracture sets 2 


Number of fractures in each 
set Ni, N2 40, 40 


Mean orientation of each set 
Hor lr Hor 2 (degrees) 124, 7 


Standard deviation of orientation 
of each set Gor 1, Sor 2 (degrees) 27020 


Ln mean lengtn of each set 
Pirigetet ? OH isles? i) =3.200 5 30 00 


Ln standard deviation of length 
Of eacht. S@t-Ctnm f.-1. Sin fo. (mM) O225, 0.25 


Ln mean fracture aperture of each 
set Hin 2b lr Hln 2b 2 (CM) ~PcB2dy =P B24 


Ln standard deviation of aperture 
of each set On 2b lr Sin 2b 2 (CM) variable; see text 


insight into the actual mechanisms through which uncertainty in the input param- 
eters may affect the transport of perma ate in a fracture system. After an 
understanding is obtained of which parameters may have a crucial impact on con- 
taminant transport in a fracture network, complete Monte Carlo simulations can 
be employed to estimate the uncertainty in contaminant transport associated with 
possible errors in the different statistical geometrical parameters. 

Once the fracture network has been generated, a grid system must be estab- 


lished to permit numerical simulation of flow and transport. This is accomplished 
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22 
by algebraically determining the coordinates of the intersections of each of the 
fractures. A node is assigned to each intersection. In contrast with the practice 
adopted by other investigators (Schwartz et al., 1983; Rouleau and Gale, 1984), 
nodes may optionally also be assigned to the endpoints of the fractures. This was 
done in order to study the importance of diffusion into deadend fracture segments 
as an attenuation mechanism. Nodes can also be assigned to locations wherever 
fractures Cross an imaginary line at a specified position. These nodes are used as 
observation points in the examination of macroscopic dispersion during solute 
transport within the fracture network. 

During early tests of the flow simulation model, it was noted that poor fluid 
mass balances occurred whenever three fractures happened to intersect at almost 
the same point. The error was apparently introduced by the presence of very 
large numbers in the coefficient matrix used in ie direct solution of the flow 
equations. The problem was rectified by modifying the grid system to ‘collapse’ 
such near-intersections to a single point. 

Having determined the coordinates of all the nodes lying within the flow 
regime, node numbers are assigned in such a manner as to minimize the band- 
width of the coefficient matrix. This numbering is performed using an algorithm 
described by Collins (1973). An example of the resulting grid system which can 


then be used in subsequent flow simulations is shown in Figure 1(b). 


32 Fiow Model 
Flow and transport are both simulated within the fracture network using con- 
ventional finite element techniques in which the fracture network is treated as a 


two-dimensional array of one-dimensional line elements. The elements represent 
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23 
the fracture segments bounded by intersections (nodes). This approach was intro- 
duced to the study of flow in fractured rocks by Wilson and Witherspoon (1970). 
The hydraulic conductivity of each element is related to the fracture aperture by 
the cubic law (equation 1). In the present study, flow is assumed to be steady- 
state and laminar; head losses at intersections are neglected; changes in fracture 
aperture resulting from imposition of different hydraulic heads at the boundaries 
of the flow region are assumed negligible. The rock matrix is considered to be 
impermeable in comparison to the secondary permeability imparted by the frac- 
ture network. 

Application of the standard Galerkin technique (Pinder and Gray, 1977; 
results in a system of simultaneous equations involving the unknown heads at each 
fracture intersection. These are solved using the Cholesky algorithm. To reduce 
matrix storage requirements and computational effort, specified-head nodes and 
deadend nodes lying at the end of fractures are eliminated from the coefficient 
matrix prior to solution. The deadend nodes are then assigned the hydraulic head 
value computed for the adjacent intersection. This has the added advantage of 
eliminating small spurious hydraulic gradients along deadend fracture segments 
introduced by numerical error. Following solution, hydraulic heads are differen- 
tiated to obtain the average velocity across the width of each fracture. The 
source code for the flow model is included in the Appendix. 

Selection of appropriate boundary conditions for flow simulations proved pro- 
blematic. If the primary focus of this study had been on the impact of changes in 
the statistical geometrical parameters on the overall hydraulic behavior of the 
fractured rock system or the distribution of velocities within the system, 
specified-head boundary conditions at all boundaries such as those used by Long 


et al. (1982) would have been appropriate. Such boundary conditions would have 
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24 
permitted flux through any of the sides of the flow domain, which would have 
greatly complicated the analysis of transport and macroscopic dispersion through 
the fracture network. For this reason, the boundary conditions selected for all 
flow simulations were of the Dirichlet type (h = h(y)) at the left and right bound 
aries and zero flux (dh/déy = 0) at the top and bottom boundaries. This is illus- 
trated on Figure 2. These boundary conditions would produce a unidirectional 
flow field from left to right in an idealized isotropic medium. Unless otherwise 
specified, the hydraulic gradient used was 0.04. 

It should be noted that the boundary conditions will affect the calculated 
effective hydraulic conductivity values presented in later sections as well as the 
distribution of flow velocities within the fracture network and regions of the net- 
work in which flow is concentrated. Flow within the fracture networks generated 
in the present study may well be sensitive to the orientation of the fracture net- 
work with respect to the Sane gradient as studied by Long et al. (1982); this 
Phenomenon was not addressed. The flow field within any fractured medium 
which does not behave as an equivalent porous medium will be affected by the 
boundary conditions imposed, and smooth hydraulic gradients are generally absent 
in real systems with sparse fractures. Yet computational limitations may prevent 
modeling of solute transport within discrete fracture networks in regions large 
enough so that the flow field is unaffected by the proximity of the boundaries. 
Because of these factors, difficulties involved in the selection of appropriate 
boundary conditions for modeling transport in real fracture networks may rank of 
equal importance with specification of statistical geometrical parameters. The 
concept of an appropriate representative elemental volume (REV) for transport in 


fractured media represents an important area for future research. 
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REALIZATION NO. 1—A1 
BOUNDARY CONDITIONS 
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Figure 2: Boundary conditions used for flow simulation 


3.3 _ Transport Model 

Solute transport within the fracture network was simulated using convention- 
al finite-element methods. The model developed is included in the Appendix. 
Application of the Galerkin technique to the partial differential equation govern- 
ing transport within each fracture (equation (3)) results in a system of simultane- 
ous linear equations that can be solved by a Gaussian elimination technique. The 
finite element technique assumes perfect mixing at fracture intersections: 
experimental data supporting such an assumption is provided by Krizek 2c al. 
197C). 

The principal advantage of the finite element technique is its flexibility. 
Physical and chemical processes, such as diffusion into deadend fracture segments 
or virtually stagnant regions of flow and attenuation via ion exchange or other 
chemical reactions, can be readily incorporated. Wee it possible to describe the 
geometry of the matrix blocks, diffusion to these regions could also be included. 
The technique can also easily handle the irregular geometry of the discrete frac- 
ture networks generated during this study. Other techniques have been used for 
simulating transport in discrete fractures. Schwartz et al. (1983) simulated con- 
taminant transport in fracture networks using a particle-tracking approach. 
These authors noted that their transport simulation technique is limited to sys- 
tems of orthogonal fractures. This may represent a shortcoming of their solution 
algorithm rather than an inherent limitation of particle tracking. Difficulties in 
incorporating diffusion to the matrix and to regions of stagnant fluid may com- 
prise a more serious drawback to particle-tracking techniques. 

Finite element techniques are, however, susceptible to numerical dispersion 
unless special precautions are taken. To minimize numerical dispersion, the grid 
system must be discretized and the time-stepping scheme maintained to satisfy 


the grid Peclet and Courant numbers (Daus et al., 1983): 
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(Pe)orid = v4x/Dy < 2 (9) 


and 


Co ear At/Ax ine) (10) 


Before solving the transport equation (3) for the fracture aetwork, the hydro- 
dynamic dispersion coefficient for each fracture was calculated using equation 4 
with values of v determined by the flow simulation program, known values of (2b), 
and a free- solution diffusion coefficient of 2.0 x 10°? m“/sec. For the flow 
velocities and the fracture apertures simulated in the present study, the hydrody- 
namic dispersion coefficient Dt was essentially equal to the free-solution diffu- 
sion coefficient D ). The maximum permissible length of each fracture segment, 
ix, was then determined using equation (9), and the grid system re-discretized to 
satisfy the grid Peclet number criterion. The necessity of satisfying this criteri- 
on represents a major limitation of the conventional finite element technique for 
simulating transport within a fracture network. Although transport can be readi- 
ly simulated within a highly complex network, as shown in Figure l(a), computer 
storage restrictions impose an upper limit on the physical dimensions of the sys- 
tem that can be simulated. For the present study, it was felt that this disadvan- 
tage was outweighed by the more accurate representation of the physics of the 
transport process. Contraints on the physical dimensions of the simulation region 
for transport may be less restrictive if the fractures are conceptualized other 
than via a smooth parallel-plate analogy. Variations in aperture within an indi- 
vidual fracture or rough fracture walls may increase the longitudinal dispersion 
coefficient, thus permitting greater spacing between nodes and enabling simula- 


tions over a larger area. 
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Once the grid system was rediscretized, the maximum time step that could 

be used was determined using equation (10). It was observed that this time step 
was largely dictated by the presence of small elements in regions where fracture 


intersections were clustered. The advective Peclet number (Daus et al., 1983): 
(Pelady = (Pelgrig-C = vAt/Dy 0) 


was less than 0.01 for each element in the network after satisfying equations (9) 
and (10). Although the constraint imposed by equation (10) tends to dictate con- 
ditions required to reduce numerical dispersion at early times, recent work (Daus 
et al., 1983) indicates that at later times an error-free solution can be obtained 
even if the advective Peclet oumber is increased to a value greater than 2. In 
keeping with this concept, the value of At used in the numerical simulations of 
transport was determined on the basis of equation (10) for early times, and was 
increased at later time. No evidence of oscillatory behavior in the solution, the 
usual result of violating the constraint expressed by equation 10’, was noted. 
Accuracy of the solution was further enhanced by using a central- difference 
temporal approximation. Although Daus et al. (1983) show that a consistent rep- 
resentation produces more accurate results for a one-dimensional flow system 
with a uniform value of Ax, experiments during the present study showed a 
lumped representation to behave better for transport in a network. Boundary 
conditions used for transport were of the Dirichlet type (c = cg) at the left 
(inflow) penedary and of the Neumann type (@c/dn = 0) at all other boundaries, as 
shown on Figure 3. 

The concentrations determined at each of the ‘observation’ nodes, located at 
a designated distance from the inflow boundary, were used to develop a break- 


through curve that represents the macroscopic response of the fracture network 
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Figure 3: Boundary conditions for transport simulation 
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to dispersion within an individual fracture, mixing at fracture intersections, and 
diffusion to deadend fracture segments and relatively immobile regions. The 
macroscopic concentration at this distance as a function of time, c/c, (t), was 


determined from the relationship: 
Cfegt) = Lei(tia:/ 24; (12) 


where the cj(t) are the calculated concentrations at each observation aode and 
the q(t) are the discharges through each fracture segment containing observation 


node i: 
qi = v;-(2b) (13) 


This concentration versus time distribution was used to quantify the macroscopic 
dispersion characteristics of the fracture network, as described in Section 3.4.2. 
An example of a breakthrough curve determined in this manner is shown on Fig- 
ure 4; also shown are microscopic results for two individual ‘observation’ nodes in 


the simulation. The location of these nodes is shown on Figure 3. 
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Figure 4: Example of a macroscopic breakthrough curve. Also shown 


are results for two individual nodes in the network: loca- 
tions of these nodes are shown on Figure 3. 
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3.4 Parameter Estimation 


3.4.1 Velocities 

Depending on the manner in which it is defined, the 'average’ flow or transport 
velocity may have very different meanings. Several techniques were used in the 
present study to estimate or predict the effective velocity within the fracture 
network. 

Snow (1969) related the effective hydraulic conductivity of an equivalent ani- 
sotropic continuum to the density, apertures, and orientations of fractures within 
a rock mass. This technique assumes that fractures are infinitely long, i.e. that 
the network of fractures is perfectly interconnected; his expression, which 
equates the overall hydraulic conductivity of the rock to the sum of the contribu- 


tions of each fracture, can be given as: 
Kij = 2/3 8D-Liv> /InjD4l)(5ij = njoj) es; 


where the summation is taken over all members of a joint set intersected by a 
sampling line Dj, the nj are the direction cosines of the normal to the fracture 
plane, and 6 ij is the Kroneker delta function, equal to 0 when i#j and 1 when is}. 

The hydraulic conductivity of a network of finite fractures is less than that 
of a network of infinite fractures, as discussed by Long et al. (1982). Equation 
(14) thus sets an upper limit on the equivalent hydraulic conductivity of a network 
of fractures. For each fracture network generated, the theoretical upper limit to 
Kx, called (Kx), was calculated using equation (14). 

This value was compared to the effective hydraulic conductivity of the net- 
work, (Kx)e, by examining the output from the flow simulation model. The total 


flow Q, through the network was noted; application of Darcy's equation leads to: 
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where A is the cross-sectional area of flow. The comparison is useful in that an 
accurate estimation of the effective hydraulic conductivity of a fracture network 
may be a critical parameter in predicting the flux of a contaminant from a 
source. 

If the hydraulic gradient and effective fracture porosity Ne are known, the 
theoretical velocity at which a conservative tracer might be expected to travel in 


an equivalent porous medium can be estimated: 
(vx)t = (Ky),Vh/o. (16) 


Similarly, equation (16) can be used to predict the effective velocity (vx). for an 
equivalent porous medium by using (K,), instead of (Kx). This is the technique 
most commonly applied when the bulk rock hydraulic conductivity is known and 
some estimate is available of the effective porosity De. 

Determination of ng for a real fractured medium is not a straightforward 
procedure. Effective porosity has been estimated by combining effective aper- 
ture data computed from borehole tests with statistical information concerning 
trace length and fracture spacing (Gale et al., 1982). For the present study, the 
effective porosity was computed by summing the volume of the individual frac- 
ture segments, exclusive of deadend regions. 

The average flow velocity within each fracture segment can be obtained by 
applying Darcy's equation, using equation (1) to determine Ky. Although the 
resulting set of velocities determined in this manner for the network as a whole 
do not follow any particular distribution, some measure of their variability can be 
demonstrated by computing the mean, the standard deviation, the skewness. and 
the coefficient of variation. These values were computed for all fracture seg- 


ments exclusive of those deadend segments in which the flow velocity was zeru, 
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N 
(v) = Lvi/N vi # 0 (ha) 


Ciel ; 
where N is the number of non-deadend fracture segments (elements in the finite- 
element program). 

The arithmetic mean fluid velocity may in some cases be a very poor esti- 
mate of the rate at which fluid actually moves through a fracture network, how- 
ever. Once fluid enters a fracture, its velocity and direction are constrained 
until another fracture is intercepted. Although the average flow velocity within 
an individual fracture may or may not be affected by the number of times-the 
fracture is intercepted by other fractures, the arithmetic mean velocity comput- 
ed for a network may be strongly influenced by the number of fracture segments 
along the preferred flow paths. A macroscopic velocity that might be a better 
analogy to the average linear groundwater velocity within a porous medium can 


be obtained by weighting the velocities within each fracture segment based on 


the length and orientation of the fracture segment: 
ea eae olen we ate oe 0 (18) 


where vx; represents the x-component of the velocity vector within each fracture 
segment and l,; represents the projection of the length of the fracture segment in 
the x direction. 

Finally, the effective velocity at which the center of mass of a solute inject- 
ed into the flow system, (vx)t-, will travel can be determined by computing the 


first moment of the macroscopic breakthrough curve as described in Section 


3.4.2. 
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3.4.2 Macroscopic Dispersion 
A relatively simple technique for calculating an effective dispersion coefficient 
from a breakthrough curve is to apply the method of moments. This technique 
does not imply that spreading is a Fickian process; it is simply a way of quantify- 
ing the spreading. A continuous-input macroscopic breakthrough curve, such as 
the one shown on Figure 4, can be converted to an instantaneous (Dirac) response 


by differentiating the observed results to obtain the function: 
c'(t)/cg= d/dt (c/c,) 19) 


(Levenspiel, 1962; Kreft and Zuber, 1978). The 0th moment of this instantaneous 


response is defined as 
ao 
Mg = fc'/egdt (20) 


It is apparent that this value should equal 1 if there is no loss of mass from the 


system. The kth moment about the origin is defined as 
My= (ft&c'/egdt)/My (21) 


For k > 2, it is more useful to consider the moment about the mean rather than 


about the origin: 


Mo= { fit - Mz)" c'/co dt }/My = o¢2 (22) 


The third and higher-order moments about the origin can be defined in a similar 
fashion. The principal advantage of this technique is that it provides a method of 
quantifying the spreading of an observed breakthrough curve without relving on 
any assumptions concerning the processes that produced this spreading. Several 


useful parameters can be obtained from the different moments. The firs. 
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6 
moment, Mj, is equal to the average residence time t, of the center of mass cf 
the tracer. From this, the effective travel velocity, (vx)tp, of the solute _an be 
calculated knowing the distance of the ‘observation’ nodes from the source. The 
average tracer residence time t, can be compared to the average residence time 


of the fluid tg, defined as 
tp = V¢/Q (23) 


where V¢ is the volume of the fractures participating in flow (equa! to the total 
volume of the fractures minus the volume of deadend segments). 
The effective dispersion coefficient can be determined from the ‘irst and 


second moments by rearranging equation (8) as 
Dy, = -1/2 (x*/My3) o¢? (24) 


and the coefficient of skewness, S,, can be computed from the third moment 


about the origin M3 ase 
S = oM9/'S 3 25) 
k 3/ t \ ! 


Distributions with a positive value of S, have a tail extending to the right of the 
mean (positively skewed), and distributions with a negative value of S, have a tail 
extending to the left of the mean. 

The principal disadvantage of the method of moments is its extreme sensitiv- 
ity to the tail of the curve at large values of time, particularly for second or 
higher-order moments. Such a tail may result from measurement errors in labo- 
ratory or field experiments; alternatively, it may genuinely represent physical 
processes. Neretnieks (1983) has shown that if there is any diffusion to the 


matrix and if the penetration depth is small in comparison to the distance to the 
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37 
next fracture. slow diffusion of solute from the matrix back into the fracture will 
produce an apparently infinite observed dispersion coefficient. The computed 
value of the dispersion coefficient in such a system may be entirely dependent on 
the analytical detection limit if the method of moments is applied to the data. 
The same may be true in the presence of diffusion to zones of essentially stag- 
nant fluid, or if macroscopically-observed dispersion in porous media is related to 
diffusion to fine-grained units in keeping with the advection-diffusion concept 
(Gillham et al., 1984). 

A theoretically-infinite dispersion coefficient or one whose measured value is 
arbitrarily dependent on analytical precision does not, however. provide a very 
useful means of characterizing solute transport. To provide a more objective 
means of quantifying the spreading of a tracer, the ordinary method of moments 
can be modified by incorporating a weighting factor to diminish the sensitivity of 
the results to the tail of the breakthrough curve. This weighted method of 
moments was introduced by Mixon et al. (1967) and is described in detail by 


Anderssen and White (1971). Using a weighting factor 
w(t) = tke st - (26) 


the weighted moment about the origin M can be defined as: 


My(s) = f tke7St c'/egdt (27) 


Appropriate values for s can be selected as described by Anderssen and White 
(1971). Just as with ordinary moments, the first weighted moment about the ori- 


gin can be used to estimate (vx)t, and the second weighted moment can be used 


to estimate Dry. 
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The two methods of moments were compared against an analytical solution 
‘Ogata and Banks, 1961), truncated at different values of c/Cg- This test showed 
that the ordinary method of moments was slightly more accurate than the 
weighted method of moments at calculating the effective velocity, but the 
weighted method of moments produced estimates of Dy that were much more 
accurate and much less sensitive to truncation of the breakthrough curve for 
small Peclet numbers (asymmetric breakthrough curves). An example of such a 
comparison is shown on Figure 5. The discrepancy between the moment results 
and the analytical solution is due to truncation of the breakthrough curve at a 
relative concentration of c/c, of 0.95; the results converged to the correct values 
in both cases at c/cy = l. This figure shows that for this truncation value, the 
difference between the ordinary moment results and the weighted moment results 
is relatively minor. 

For the present study, it was found that the weighted method of moments 
provided significant advantages over the ordinary. method of moments in objec- 
tively determining the macroscopic dispersion coefficient from the breakthrough 
curves obtained for the fracture networks. This factor, rather than its better 
accuracy, was the main motivation for using the weighted moment method for 
calculating dispersion coefficients. As shown on Figure 4, the macroscopic 
breakthrough curves tended to be highly tailed, asymptoticaily approaching a rel- 
ative concentration of 1. Most of this is probably the result of the averaging 
technique used, reflecting the slow nature of transport in part of the network. 
Evidence presented later suggests that at least part of the skewness may be due 
to slow diffusion to relatively stagnant regions of flow. Although the ordinary 
and weighted moments eventually converge to the same answer when tested 


against an analytical solution, this is not true for the fracture network model 
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Comparison of moment results to analytical solution. 
Velocities in both cases were calculated using ordinary 
method of moments. Breakthrough curve was truncated at 
a relative concentration of 0.95 for computations. 
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40 
results. In the case of the macroscopic breakthrough curves obtained from the 
observation nodes, the dispersion coefficient determined from the ordinary 
moments method increased without bound depending on the point of the break- 
through curve at which calculations were discontinued, whereas the weighted 
moment results were essentially constant. This is illustrated in Figure 6. For the 
remainder of the study, the ordinary method of moments was used to calculate 
the average tracer velocity and coefficient of skewness, and the weighted method 
of moments was used to calculate the dispersion coefficient. The breakthrough 
curves were consistently truncated at a relative concentration of 0.95; the com- 
puted values of S, should thus be considered as approximate values only. The 
comparison shown on Figure 6 suggests that the weighted method of moments 
may provide significant advantages over the ordinary method of moments in 
obtaining estimates of the effective dispersion coefficient for situations that are 


strongly affected by slow diffusion processes or analytical detection limits. 
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Comparison of ordinary and weighted methods of moments. 
Dispersion coefficients were calculated by applying ordi- 
nary method of moments and weighted method of moments 
to numerical results for fracture network. 
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Chapter IV 


IMPACT OF FRACTURE GEOMETRY ON SOLUTE TRANSPORT 


4.1 Effect of Variable Fracture Apertures 

One of the most difficult parameters to determine for a rock is the standard 
deviation of the fracture aperture distribution, oj, 24. For many units, this 
parameter may even be virtually impossible to evaluate. Variations in aperture 
may have a significant impact on flow and transport within a fractured medium, 
however, as the permeability of a fracture varies with the square of its aperture 
(equation 1). 

Based on direct measurement of apertures in granite and estimation of 
effective hydraulic apertures from pressure-test data from a variety of rock 
types, Snow (1970) found an average value of 6) of approximately 0.221, with val- 
ues ranging from 0.058 to 0.39 (oj, 24 = 0.13 to 0.90). Whether a particular range 
of values is likely to characterize any given rock type is not well known, but it 
seems likely that different rocks will have different values of 6], 2}, depending on 
the mode of origin of the fractures and subsequent changes introduced by geo- 
chemical reactions or deformation. Neuzil and Tracy (1981) suggest that the log- 
normal distribution is probably no longer a good approximation of any fracture 
aperture frequency distribution for a value of o|p 2p greater than about 0.83. 

To test the sensitivity of flow and transport in a fracture network to the 


variability of apertures, five simulations were conducted using values of ln 2b 
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ranging from 9.0 to 0.8. The value of oj, 2}, for each simulation was the same for 
both sets of fractures. The network generated is the one shown on Figure l(a); 
only the values of the apertures associated with each fracture were changed from 
one simulation to another. Figure 7 shows the simulated aperture distributions 
for three of these cases. In each case, the mean aperture yi), 24 is the same: only 
the standard deviation oj, 2p is varied. When oj, 24 is equa! to zero, all frac- 
tures have an identical aperture. When oj, 2}, is equal to 0.4, the largest fracture 
has an aperture that is six times that of the smallest, and with oj, 24 equal to 


0.8, the largest fracture is forty times the size of the smallest. 
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4.1.1.- Hydraulic Properties 
Because of the form of the lognormal distribution, increasing the value of oj, 24 
from 0 to 0.2 causes close to half of the fractures io become larger than the 
mean aperture and the other half to be smaller. Further increases in Sin 2b 
increases the frequency of small fractures relative to large fractures. The dif- 
ference between the largest aperture and the mean aperture is greater than the 
difference between the mean aperture and the smallest aperture. If the fractures 
were of infinite length, flow would be dominated by the largest fracture and the 
permeability of the network would increase with increasing oj, 24. In a network 
of finite fractures, some of the flow must occur within the smaller fractures. 
For this reason, the tendency toward increasing permeability caused by increasing 
the size of the largest fractures can be counterbalanced to a greater or lesser 
extent by the increase in frequency of the smaller fractures. Thus, as ojp 24 
increases in a network of finite fractures, the hydraulic conductivity can either 
increase or decrease. 

This effect is shown on Figure 8, which compares the effective hydraulic 
conductivity (Kx). calculated using equation (15) for the network shown on Figure 
l(a) with the theoretical hydraulic conductivity (Kx)_ for a network of infinite 
fractures calculated using Snow's model (eaten 14). As shown, the hydraulic 
conductivity of a network can be much less than that of a system of infinite 
fractures. Thus, if the mean fracture aperture is estimated based on measured 
fracture spacing and bulk rock conductivity, and assuming perfect interconnection 
as described by Snow (1968), the mean fracture aperture is likely to be underesti- 
mated. The overall effect on the bulk hydraulic conductivity of increasing the 
size of the largest apertures is surprisingly small in comparison to what might 


have been expected for a well-interconnected network. The smaller fractures are 
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apparently capable of exerting a significant effect on the gross hydraulic behav- 
ior of a poorly-interconnected network. 

Just as the hydraulic conductivity is not necessarily dominated by the largest 
aperture in a network of finite fractures, the volumetric flow May not be con- 
trolled by the largest fractures. The proportion of the total discharge Q, through 
the network occurring within the largest 10% of the fractures was determined: 
the results are shown on Figure 9. For the ojy 2) = 0 case, the value shown is the 
proportion of the total discharge through the same fractures that represented the 
largest 10% in the ojy 24 = 0.2 case. If the flow had been evenly distributed in 
the network, approximately 10% of the flow should have occurred in these frac- 
tures; the smaller value obtained reflects the effect of preferred pathways 
formed in the absence of perfect interconnection and in the presence of fractures 
oriented in a favorable direction with respect to the boundary conditions imposed. 

AS Olp 2p is increased, a pboaresdively larger fraction of the total flow should 
occur within the largest fractures if the fractures were infinite. Because :he 
discharge is proportional to the cube of the aperture, virtually all the flow should 
have occurred within the largest fractures for ojp 2p = 0.8. This is clearly not 
the case. Although the proportion of discharge contained within the largest frac- 
tures increases with the aperture variability, indicating that the flow may be 
contained in fewer fractures, the results shown in Figure 9 suggest that the larg- 
est fractures do not totally dominate the flow. The common wisdom that flow is 
controlled by the largest fracture may be a fallacy in the more realistic situation 
of a network of finite features. 

Variations in fracture aperture have a significant effect on the local hydrau- 
lic head. Hydraulic head distributions within the network for the cases of jn 2p 


= 0.0, 0.4, and 0.8 are shown on Figure 9 (a),(b), and (c), respectively. Thes- 
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49 
equipotentials were prepared using a spatial interpolation technique (Sampson, 
1978) that assumes that point values represent a continuous system. Thus, it does 
not account for the connection or lack of connection in the fracture system; asa 
result, some of the details shown (such as contour lines crossing deadend fracture 
segments) are physically unrealistic, although the overall visual pattern is useful 
in demonstrating the major features of the hydraulic head distribution. The con- 
tour lines, of course, have no physical significance as applied to the rock matrix 
which is assumed impermeable. Similarly, the low spots have no physical signifi- 
cance but are merely an artifact of the interpolation procedure. 

For a system of non-orthogonal fractures of infinite length and equal aper- 
ture, Snow (1969) showed that the network would behave as an anisotropic equiv- 
alent porous medium. For the boundary conditions imposed, this would have 
produced parallel, equally spaced equipotentials. That this is not the case for 
Figure 9 (a) reflects the importance of the finite length of the fractures in the 
system. The irregularity of the hydraulic head distribution suggests that the 
fracture network is not behaving as an equivalent porous medium, although this 
conclusion was not rigorously tested. Increasing the variability of the fracture 
apertures greatly increased the irregularity of the hydraulic head distribution, as 
shown in Figure 10(b) and (c). This indicates that the fracture networks are devi- 
ating further from equivalent porous medium behavior as the variability of the 
fracture apertures increases, similar to the results of Long et al. (1982). As fur- 
ther evidence of the absence of equivalent porous medium behavior, hydraulic 
head profiles were prepared for the observation nodes, as shown on Figure 11. 
Were the network to behave as an equivalent porous medium, the hydraulic head 
values should have been equal to the h = 0.2 cm lime on the diagram. Deviations 


from this value are more pronounced as jp 2p increases, but are apparent even 


for the uniform aperture case. 
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Figure 10 (a), (b), and (c) also shows the spatial distribution of velocities 
within the fracture network. Comparison of the head plots with the velocity 
plots shows that head values are closest to the equivalent porous medium value 
where the flow paths are most continuous (i.e., around y = 4 to 5 cm) (the low 
spot at x = 2, y = 8 on Figure 10 is a result of the contouring technique). 

In the case of uniform fracture apertures, the flow velocities tend to be rela- 
tively uniformly distributed. No preferred flowpath can be identified. As the 
variability of fracture apertures increases, however, the larger flow velocities 
tend to occur within fewer and fewer fractures. The highest velocities need not 
occur within the largest fractures, which may have limited accessibility if flow 
can only reach them through small fractures. Similarly, the largest discharges 
need not occur within the largest fractures. This is shown on Figure 12, which 
illustrates the distribution of discharges within the network for dp 24 = 0.8. The 
distribution of discharges is similar, but not identical to, the distribution of 
velocities shown in Figure 10(c). It bears only a weak relationship to the location 
of the largest fractures. The relationship between fracture aperture and velocity 
or discharge may not be simple in a network of finite features. 

Histograms illustrating the distribution of flow velocities within fracture 
segments are presented on Figure 13. As can be seen, the arithmetic mean 
velocity decreases as the variability in the fracture apertures increases, although 
the maximum velocity within the network increases. The increasing abundance of 
relatively small fractures doubtlessly accounts for this decrease in the arithmetic 
mean velocity. The range over which the velocities are distributed increases with 
increasing 6), 2p, as shown by the increasing sample standard deviation S,, for the 
three cases. The coefficient of skewness decreases with increasing oj, 2p, and 


the velocities more nearly approach a lognormal distribution in the case of ojp, 21, 
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56 
= 0.8. Schwartz et al. (1983) found that longitudinal macroscopic dispersion 
increases as the standard deviation in the velocity increases. If this is true for 
the present network of non-orthogonal fractures, the longitudinal macroscopic 


dispersion coefficient Dy should increase with oj, 2p. 
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4.1.2 Transport Properties 

Although increasing the variability in the fracture apertures had a relatively 
minor effect on the overall hydraulic conductivity cf the network, as shown on 
Figure 8, it can have a major impact on the spatial distribution of a tracer during 
transport through the network. Contour plots showing the distribution of the 
tracer in the network at three different times are shown on Figure 14 (a), (b), and 
(c). Again, contours shown within the intact blocks have no physical significance 
since the transport simulation does not include diffusion to the matrix. For the 
equal aperture case (Figure 14(a)), the tracer appears to be moving through the 
network at a relatively uniform rate. 

In the non-uniform aperture cases, however, transport becomes increasingly 
dominated by a few high-velocity pathways which, however, do not necessarily 
occupy the largest fractures (Figures 14(b) and (c)). Clearly it would be difficult 
to accurately predict the spatial distribution of contaminants in such a system 
using a continuum approach unless the location of the pathways were already 
nee These diagrams serve as a graphical illustration of difficulties that may 
be encountered in groundwater monitoring in fractured media; the results suggest 
that sampling points should not just be confined to the largest fractures, but 
should also be installed in medium-sized features to increase the likelihood of 
intercepting contaminants. 

Macroscopic breakthrough curves developed from the ‘observation’ points are 
shown on Figure 15. These curves might represent the averaged concentration 
that would be observed in a fully-screened well in the absence of pumping. As 
shown, these breakthrough curves are surprisingly similar; despite the preferential 
travel of the tracer in a few pathways, the lack of domination of the discharge by 


those fractures creates an averaging effect that counterbalances the spatial 
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localization of the tracer zone. Smith and Schwartz (1984) also found that intro- 
ducing a variable fracture aperture had very little impact on the mean arrival 
time distribution of a tracer in a fracture network. Apparently the variability of 
fracture apertures has a secondary effect with respect to the macroscopic dis- 
persion parameter, although it can influence the hydraulic behavior of the frac- 
ture network and the local distribution of contaminants in the system. 

The breakthrough curves shown are asymmetrical, with long tails asymptoti- 
cally approaching a relative concentration of 1. Part of this is undoubtedly due 
to the averaging technique used. Part may also be the result of mass being 
transferred through the network at late times by diffusion to deadend fracture 
segments and relatively immobile fluid regions (regions in which the fracture dis- 
charges are insignificant). Using the ordinary and weighted methods of moments 
previously described, the average travel time and effective macroscopic disper- 
sion coefficient were calculated. Figure 16 compares the numerical results 
obtained for djn 2p = 0.40 with the instantaneous response obtained by differenti- 
ating the breakthrough curve, and also shows results obtained from an analytical 
solution (Ogata and Banks, 1961) using the calculated value of (vx)+, and Dy. The 
fit is not perfect, particularly in the tail of the data, but neither is it much worse 
than the fit to an analytical solution to the dispersion model shown in Figure 5. 
These results suggest that it may in fact be possible to at least approximate 
macroscopic dispersion in fractured media as a Fickian process under certain 
conditions. Whether the appropriate dispersion coefficient is constant or varies 
with distance remains to be demonstrated, and uncertainties introduced in actu- 
ally predicting the location of zones of contamination may impose severe restric- 
tions on the applicability of a continuum concept to the transport of 


Contaminants in fractured media. Comparison of Figure 15 with the concentra- 
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: 64 
tion contours shown on Figure 14 demonstrates that a contaminant may reach a 
relative concentration of 1 on a local scale long before it reaches a high relative 
concentration on a macroscopic scale. Fully-screened wells may give an overly 
optimistic picture of the extent of spread of a contaminant at a site. 

The problem of how to actually predict the correct velocity and dispersion 
coefficient to use as input to a continuum model still remains. Figure 17 presents 
a comparison of the velocities calculated using the different approaches previ- 
ously described with the actual velocity of the center of mass of the tracer. As 
shown, all of the predicted techniques overestimated the actual rate of travel of 
the center of mass of the tracer except for the arithmetic mean velocity, which 
underestimated it. Both the weighted approach and the effective velocity 
approach predicted on the basis of the known bulk hydraulic conductivity and 
known effective porosity were able to correctly predict changes in the actual 
travel time with changing aperture variability, and seemed to be closely related 
to the tracer velocity. The effective velocity approach may be severely limited 
owing to difficulties involved in accurately determining the effective porosity. 

The weighted approach may be infeasible to apply to a real situation owing to 
the necessity for accurate values for the statistical parameters describing the 
geometry of the fracture network. In addition, the reproducibility of values 
determined with either the weighted or the effective velocity approach with 
changes in the details of fracture interconnection has not been established. 
Although Schwartz et al. (1983) found a relatively small variation in the equiva- 
lent hydraulic conductivity of a fracture network with successive realizations, 
this may be a result of assuming uniform apertures; Parsons (1966) found that the 
larger the standard deviation of the aperture distribution, the larger the standard 


deviation in the equivalent hydraulic conductivity for different realizations. 
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Comparison of macroscopic breakthrough curve with dis- 
persion model. jn 2h = 0.4. Breakthrough curve was 
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equation (16); (v)_, is maximum velocity in network: ‘vy 53 
is calculated from bulk (Ky)e and ng; (v) is arithmetic 
mean: (vy)w is weighted average; (vy)t, is travel velocity 
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67 
Comparisons made on the basis of a large number of realizations may be very 
useful in indicating the relationship between either the effective or the weighted 
velocity and the mean residence time of a tracer. 

Table 2 shows a comparison of the macroscopic transport parameters for dif- 
ferent values of oj, 24. The effective velocity does not show any consistent 
trend with increasing fracture aperture variability, nor does the effective longi- 
tudinal dispersion coefficient. This is demonstrated on Figure 18. The skewness 
of the arrival time distribution S, increases with increasing 6), 2p, paralleling the 
trend in the standard deviation of the velocity distribution. This increasing 
skewness suggests that a Fickian model of dispersion may become somewhat less 
appropriate with larger values of oj, 24. 

The dispersion coefficient predicted for parallel, noninteracting fractures 
increases without bound according to equations (7)-and (8). This was not observed 
for the present case of intersecting fractures. Apparently, similar to the manner 
in which interactions between strata in porous media prevent the dispersion coef- 
ficient from reaching an infinite value and similar to the manner in which mixing 
introduced by molecular diffusion within a tube can actually diminish dispersion 
by decreasing the concentration difference over the channel, mixing introduced 
by interactions between fractures can limit macroscopically-observed dispersion. 
The observed macroscopic dispersion coefficient does not show any readily dis- 
cernible relationship to the tracer velocity, as shown in Figure 18. It is not clear 
from these results whether the concept of dispersivity is applicable to transport 
in fractured media within this range of Peclet numbers. A better test might be 
to simulate flow through the same network under different hydraulic gradients, 


and observe the relationship between the dispersion coefficient and the tracer 


velocity. 
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Table 2 


Effect of increasing variability in fracture aperture on macro- 
scopic transport parameters 


(Vx)tr and S_ computed using ordinary method of moments; Dy calculated using 
weighted method of moments. Breakthrough curve truncated at a relative con- 
centration of 0.95 for computations. 


Computed Ln standard deviation of fracture aperture distribution 
Value 0f qr rere nn nn nn en ee $$ - - - - -- - - -- - ---- 
Parameter 0.0 Oe 0.4 03:6 Jae 


lveyee (m/day) 1. 22m - MeGetO--° 1.66x107° 2022x1072 1.721072 


tr/te eee 0 $222.38 Leas 64 1.3284 becoo5 

Dr, (m*/day) 9 2e 0 1 e710 ot BOxi0 244s to 2. 26nd 
Predicted™ Dr, r 
foc pardilel) 0.0 7.66x10~° Syiaxto * Ian7ou0== 5 .84a00 
fractures 

Sk 27082 08757 0721 eou6e0 1.4466 


* Neretnieks (1983). 


Finally, Table 2 shows the ratio of the tracer residence time to the residence 
time of the fluid determined by equation (23). If tramsport occurred uniformly 
through all the fractures, this ratio should be equal to 1 (or, more precisely, to 
0.95 owing to truncation of the breakthrough curve). If transport only occurred 
within a small fraction of the fractures, with no transfer of solute via diffusion to 
other fractures, this value should have been less than 1. Estimation of the tracer 
residence time t, may be sensitive to errors in the calculation of the first 
moment; still, the results suggest that there is significant transfer of the tracer 
at late times by some mechanism. This is more pronounced in the cases with a 


higher value of dj, 2p, which were characterized by greater skewness, by a 
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Figure 18: Effect of variability in fracture aperture on macroscopic 


dispersion and average transport velocity. 
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70 
greater standard deviation in the velocity distribution and by a greater tendency 


of the tracer to occupy a few paths within the network. 


4.2 Effect of Fracture Connectivity 

The connectivity of a system of fractures depends on the length of the frac- 
ture, the fracture density, the size of the domain under consideration, and frac- 
ture orientation. None of these parameters alone can be used to uniquely define 
fracture connectivity. Because it depends on the interaction of several parame- 
ters, it is a difficult concept to quantify for natural systems, yet it may have a 
major impact on the hydraulic characteristics of a fractured medium. 

For the present study, the connectivity of a fracture network was expressed 
as a 'fracture connectivity ratio’, defined as the number of actual fracture inter- 
sections present within the simulation domain divided by the number of intersec- 
tions that would have been present had the fractures all been of infinite length in 
comparison to the size of the domain. This ratio varies from zero, for parallel or 
otherwise nonintersecting fractures, to one for a perfectly interconnected net- 
work, and is computed by the fracture generation program. 

To. test the sensitivity of a fracture network to changes in fracture connec- 
tivity, five simulations were performed with different connectivity ratios. To 
minimize the number of variables between simulations, a network was initially 
generated in which the fracture lengths were assigned to the different fractures 
in increasing magnitude. Successive simulations used the same fracture locations, 
orientations, and apertures, but fracture lengths with a progressively greater 
mean value were generated to increase the connectivity ratio. So that flow paths 
established during one simulation would also be present for a greater degree of 


interconnection, fracture lengths were assigned each time in order of their mag- 
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nitude. Three of the networks are shown on Figure 19 (a), (b), and (c). The input 
parameters and boundary conditions were the same as those used in the previous 
simulations, with minor modifications. The fracture 2perture standard deviation 
Sin 2b was 0.6; to reduce computing costs associated with a large number of 
nodes, only 25 fractures were generated for each set instead of 40, and the 
hydraulic gradient was reduced from 0.04 to 0.004. The connectivity ratios for 
the five simulations varied from 0.24 to 0.86. For comparison, the connectivity 


ratio for the simulations described in Section 4.1 was 0.22. 
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4.2.1 Hydraulic Properties 

The hydraulic conductivity of a network of finite fractures is less than that of a 
network of infinite fractures; in the limiting case, a fracture which neither inter- 
sects any other fracture nor the boundaries of the flow domain does not contrib- 
_ute to flow. Thus, as the degree of interconnection in a fracture network 
increases, the effective hydraulic conductivity should increase. This effect is 
shown in Figure 20. With the network with the least degree of interconnection, 
the bulk hydraulic conductivity is nearly two orders of magnitude less than that 
predicted by Snow's relationship (equation 14); as the degree of interconnection 
increases, the effective hydraulic conductivity rapidly approaches the theoretical 
value. The results shown in Figure 20 emphasize the errors that could resuit from 
estimating the mean aperture of fractures in a poorly-connected system using 
models developed on the assumption of perfect interconnection. 

As in the case of variations in fracture aperture, variations in fracture con- 
nectivity significantly influence the hydraulic head distribution within a fracture 
network. Figure 21 (a), (b), and (c) illustrates hydraulic head contours for three 
cases with different connectivity ratios; the hydraulic head distribution becomes 
markedly more uniform as the degree of interconnection increases. This is also 
shown on Figure 22, which presents hydraulic head profiles for the same three 
cases at a constant distance from the inflow boundary. The extent to which a 
fractured medium can be represented as an equivalent porous medium is clearly 
sensitive to the degree of interconnection, as suggested by Long et al. (1982). 

Figure 21 (a), (b), and (c) also illustrates the velocity profiles within the three 
networks. In none of the cases are the velocity vectors evenly distributed 
throughout the network; rather, there is a tendency for flow to occupy a few pre- 


ferred pathways. These pathways become much better-defined as the degree of 
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Figure 20: Change in bulk hydraulic conductivity of fracture network 
with increasing connectivity. (Ky)t calculated from 
equation (14) for perfectly interconnected network = 8.92 

x 1000 cm/s. 
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81 
interconnection increases. For the least-interconnected case (Figure 21(a)), these 
pathways are markedly different from the best-interconnected case ‘Figure 
21(c)). In the latter case, high-velocity regions are associated with the largest 
fractures. The highest velocities are not associated with the largest fractures in 
Figure 21(a), however. Rather, they are associated with the medium- to large- 
| sized fractures that happen to lie within the pathway that is least choked off by 
flow being forced through small fractures. The same observation - that the high 
est velocities may occur in medium-sized features and not necessarily in the 
large features - was noted by Simon and Kelsey (1971) in miscible-displacement 
simulations performed using a capillary tube network model. There does not 
appear to be any unique correlation between flow velocity and aperture size in a 
network of finite fractures. 

Figure 23 (a) and (b) further fesies. this Bone by comparing the distribution 
of discharges for two of these cases with the position of the largest fractures. In 
the poorly-interconnected case, there is little relationship between the fracture 
aperture and the flow contained within it, whereas in Figure 23 (b), there is a 
Close correspondence between the largest apertures and the preferred flow paths. 

As the degree of interconnection increases, the largest fractures demonstrate 
a progressive tendency to dominate the flow in the system. Figure 24 illustrates 
the fraction of the total flow contained within the largest 10% of the fractures. 
The values increase from 12% for the poorly-interconnected case to 82% of the 
total flow for the well-interconnected case. In the last set of simulations, it was 
shown that the degree of domination of flow in a network by the largest fractures 
is only moderately sensitive to changes in Ojp 2p; Clearly this result is also depen- 
dent on the degree of interconnection. The sensitivity of the results to the 


vagaries of interconnection suggest that there may be a great deal of uncertainty 
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84 
surrounding the extent to which the largest fractures dominate flow in a real Sys- 
tem. The results suggest that connectivity may be the most important single 
parameter controlling flow in discrete fracture networks. 

Figure 25 presents histograms showing the distribution of flow velocities 
within fracture segments. The mean velocity increases by more than half an 
order of magnitude as the connectivity increases; the maximum velocity exhibits 
an even greater increase. The variability in flow velocity between adjacent frac- 
tures decreases as the network becomes better-interconnected as denoted by the 
decreasing standard deviation and decreasing absolute value of the coefficient of 
variation; if Schwartz et al.'s (1983) hypothesis is correct, this should cause the 


macroscopic dispersion coefficient to decrease with increasing connectivity. 
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4.22 Transport Properties 


Concentration contours for three different fracture connectivity ratios are shown 
on Figure 26 (a), (b), and (c). Most apparent is that at any given time, the tracer 
has advanced much more rapidly through the better-interconnected networks than 
the poorly-interconnected ones. This could have been anticipated from the effect 
of increasing interconnection on flow velocities within the network. 

The velocity vectors in Figures 21 (a), (b), and (c) demonstrate a shift in the 
location of high-velocity regions with changing fracture connectivity. Compari- 
son of the concentration contours in Figures 25 (a), (b), and (c) with Figures 21 
(a), (b), and (c) demonstrate that the distribution of the tracer in the fracture 
network follows this shift. In Figure 26 (a), the tracer is advancing at a some- 
what more rapid rate in the upper part of the network, whereas in Figure 26 (c), 
feacoport is strongly influenced by the high-velocity regions in the lower part of 
the diagram. If changes in fracture connectivity create high-velocity pathways. 
the spatial distribution of contaminants can be profoundly influenced. Again, 
these preferred pathways would be difficult to predict using either a continuum 
or a dual-porosity approach. 

Macroscopic breakthrough curves for three different values of connectivity 
are presented in Figure 27. In Section 4.1, it was noted that. although changes in 
the variability of fracture apertures had a significant effect on the spatial distri- 
bution of contaminants in a fracture network, they had a minor influence on the 
macroscopic transport properties of the system. Figure 27 indicates that this is 
not true of the present simulations. Changes in fracture connectivity have a 
marked impact on the rate of travel of a tracer within fracture networks. As in 
the previous simulations, the macroscopic breakthrough curves are asymmetrical, 


asymptotically approaching a relative concentration of 1 even for the highly 
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Concentration distributions for three different connectivi- 
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91 
interconnected networks. Because the proportion of deadend fracture regions 
decreases with increasing connectivity, the asymptotic behavior of the highly-. 
interconnected networks cannot solely be the result of diffusion to these regions. 

Table 3 summarizes the macroscopic transport parameters for the different 
degrees of fracture interconnection. Although the bulk hydraulic conductivity 
increased by a factor of 40 with increasing connectivity, the tracer velocity only 
increased by half an order of magnitude. Similar to the result of the previous 
simulations, macroscopic transport appears to be less sensitive to fracture geom- 
etry than the bulk flow parameters are. The macroscopic dispersion coefficient 
appears even less sensitive to changes in fracture connectivity than to changes in 
fracture aperture variability. The difference in the shape of the breakthrough 
curves shown on Figure 27 is related primarily to the difference in tracer velocity 
rather than the macroscopic dispersion coefficient. The relative insensitivity of 
Macroscopic dispersion to those geometrical parameters tested bodes favorably 
for the applicability of the continuum concept for transport in fractured media, 
provided a reliable means of determining input parameters can be peveloeed 

Figure 28 demonstrates how the macroscopic dispersion coefficient and 
transport velocity change with changing connectivity. As in the previous simula- 
tions (Figure 18), no consistent trend can be observed in the macroscopic disper- 
sion coefficient, nor is there any apparent relationship to the travel velocity. 
The standard deviation of the velocity distribution definitely does not seem to 
govern the macroscopic dispersion coefficient; if it did, the macroscopic disper- 
sion coefficient and possibly also the skewness of the breakthrough curve should 
have diminished with increasing connectivity. Interestingly, although the stan- 
dard deviation of the velocity distribution decreases with increasing connectivity, 


the ratio of the tracer residence time to fluid residence time t,/t¢ generallv 


increases. 
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Figure 27: Macroscopic breakthrough curves for three different frac- 


ture connectivities 
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Table 3 


Effect of increasing fracture connectivity on macroscopic trans- 
port parameters 


Computed Fracture connectivity ratio 
value 0f 9 ------------------------------------------------------- 
parameter 0.24 0.42 0...56 Ono 0.86 


fveyer (M/dav) 1248xl00- 2.84x10-> 3.66x10-2 5.98x1072 7.63x1073 


tr/te 0.9727 2.8071 2.2997 20376 2.0059 
Dr (m*/day) doxt0r Me2aeso 21. 26xi0 1. Sexi0- > Posexio- 4 
Sk ees 2 00 1.2677 1.3265 1.4929 15294 


The ratio of the tracer residence time to the fluid residence time shown on 
Table 3 more than doubles with increasing connectivity. This suggests that even 
though the spread of the flow velocities diminishes, fracture regions that may 
have an insignificant role in flow through the network may still be important for 
transport. This could have a damping influence on the changes in the bulk 
hydraulic behavior, possibly explaining why macroscopic transport is less sensitive 
to changes in geometrical parameters. The results may mean that as transport is 
dominated by a few preferred pathways within a network, transport within the 
remaining pathways, which is influenced by diffusive mixing at intersections, 
becomes more important. 

Finally, Figure 29 presents a comparison of velocities obtained from several 
different approaches with the velocity of the tracer in the network. As expected, 
the theoretical velocity based on Snow's model (equation 14) and the effective 


velocity calculated on the basis of bulk hydraulic conductivity converge with 
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95 
increasing connectivity. Both approaches may significantly overestimate the 
tracer's rate of travel through the network. The effective velocity approach is 
much less successful at predicting the tracer's velocity than in the case of chang- 
ing aperture standard deviation. Again, the arithmetic mean velocity underesti- 
mates the rate at which the tracer travels. 

The most successful technique at predicting the tracer's velocity is the 
weighted average approach. The close correspondence of the values further sup- 
ports the hypothesis that although flow and transport on a local scale may be 
dominated by a few preferred pathways, the entire volume of the fractures may 


be accessed during macroscopic transport. 
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Chapter V 


IMPACT OF ATTENUATION MECHANISMS ON SOLUTE 


TRANSPORT 
Su Effect of Sorption/lon Exchange 
nti je ncn ete ab boeh BCA labo Lib hd 


' The behavior of most contaminants of environmental concern in groundwater 
is affected by geochemical reactions that cause a transfer of the contaminant 
from the liquid to the solid phase or a conversion of the contaminant from one 
species to another with different physicochemical characteristics; conservative 
solutes are rarely of practical concern. One important class of reactions for 
contaminants present in groundwater at trace concentrations consists of sorption 
and ion-exchange reactions. When the occurrence of these geochemical processes 


is taken into account, the transport equation can be written in one dimension as: 
Bc/St = Dy d%c/3x* - vac/ax - Q (28) 


where Q is a general source-sink term describing the net rate of production or 


loss of the contaminant under consideration. 


The model most commonly used to describe this source-sink term in the case 
of adsorption or ion-exchange reactions in homogeneous, saturated porous media 
was first developed in the study of chromatography (Lapidus and Amundson. 


1952): 


dc/at = Dz 32c/ax° - vdc/dx - pp/Ods/ at (29) 
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98 
where Py is the bulk density of the porous medium and Q is the porosity. Wheth- 
er this model is really suitable for the description of transport with ion exchange 
or sorption in porous media is in doubt; assumptions, limitations, and alternative 
conceptual models are reviewed by Rao et al. (1979) and Gillham and Cherry 
11982‘, among others. 

Despite its potential limitations, this model can be modified for extension to 
transport in fractured media. As discussed by Burkholder (1976) according to 
Freeze and Cherry (1979), p,/@ is a macroscopic concept introduced purely for 
convenience. On the premise that adsorption and ion exchange reactions are 
much more closely related to the surface area in contact with the fluid than to 
the mass of the medium, a more rigorous but less convenient approach might be 
to use the unit surface area of the medium as a reference quantity, thus giving Q 


as: 
Q = Aas/at (30) 


where A is the surface area to void-space ratio of the fracture. Thus, for a frac- 


ture of length L and width W, 


surface area of fracture 2LW l 
ee ee et — a1) 
volume of fracture LW(2b) b 


If s = f(c), i.e. if the reaction is reversible, non-hysteretic, attains equilibrium 


instantaneously, and can be described by a reaction isotherm, then 


Q@s/at = ds/dcdc/dt 32) 


and if the reaction isotherm is linear, 


ds/dc = constant = K, (33) 
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79 
where K, is the fracture distribution coefficient defined on a per-unit-surface- 


area basis. Substituting (30),(31), (32), and (33) into equation (28): 


Qc/8t = Dy d@c/ax* - vac/dx - K,/b ac/at (34) 
In a continuum, retardation of solutes via sorption or ion exchange is com- 


monly described with a constant retardation factor R: 


in 


R = 1+p,/8 Kg (3 
from which 
3c/3t = Dy/R d°c/dx% - v/R ac/ax (36: 


The apparent velocity is uniformly retarded through the medium by this factor R, 
just as the effective dispersion coefficient is reduced. 
Similarly, within an individual fracture of uniform aperture, the retardation 


factor can be defined as: 
Ro 201 +K,/b (37) 


Because of the dependence of retardation in fractured media on the fracture 
aperture, however, retardation will not be uniform in a system consisting of a 
variety of apertures. Compared to the retardation experienced in the fracture of 
mean aperture 11, 2p, retardation will be greater in the smaller fractures and 
less in the larger fractures. Because there is no one-to-one correspondence 
between fracture aperture and flow velocity in a system of finite fractures, the 
effective velocity v/R distribution of the retarded solute may have a different 
form than the actual flow velocity distribution. This introduces the possibility of 
retardation as a dispersive mechanism quite different from the conventional 
interpretation of apparent dispersion in porous media. This effect has been noted 


by Neretnieks et al. (1982) for a single fracture of varying aperture. 
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To test the significance of this process, transport with retardation (eq. (34)) 
was simulated for the fracture network shown in Figure 1 (a) and for the various 
aperture distributions examined in Section 4.1. The hydraulic properties of the 
fracture networks aS the same as those described in Section 4.1 and illustrated 
in Figures 8 through 12; the results of the retarded case can be compared with 
those for the unretarded case shown on Figures 14 through 15. For convenience 
in interpreting the results, the value of K, was selected so that for the mean 
fracture aperture (ln 2b = -7.824 cm), the retardation factor R is exactly equal to 
10; thus, K, = 1.8x 107> m. Only in the uniform aperture case will the macro- 
scopic retardation factor equal 10. 

Histograms comparing the distributions of the effective velocity v/R for the 
nonretarded case (K, = 0) and the retarded case (Kz = 1.8 x 107°) for three values 
of Ojn 2p are shown on Figure 30. For oj, 2p = 0.0, the mean effective velocity in 
the retarded case is one order of magnitude smaller than in the nonretarded case, 
as expected, and the standard deviation S, is the same. As oj, 2} increases. the 
frequency of fractures smaller than the mean increases relative to that of frac- 
tures larger than the mean; thus, the mean value of v/R decreases by slightly 
more than one order of magnitude as oj, 2} increases. It might be inferred from 
this that retardation in a fractured medium is greater than that predicted on the 
basis of the mean aperture. As shown below, such an assumption would be falla- 
cious. Llustrating the lack of a umique correspondence between the fracture 
aperture and the flow velocity, the sample standard deviation S, is greater in the 
retarded case than in the nonretarded case for dj, 24 > 0. If skewness in arrival 
time distribution is directly related to the standard deviation of the effective 
velocity distribution, then a Fickian model of dispersion should be even less 


appropriate for the retarded solutes than for the nonretarded solutes. 
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for a nonretarded and a retarded case. The retardation 
factor R is equal to 10 for the fracture of mean aperture 
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Figure 31 (a), (b), and (c) illustrates the concentration distributions in the 
fracture network at three different times. Because the times selected are great- 
er by a factor of 10 than those used in preparing Figure 14(a), (b), and (c), the 
contours should lie in exactly the same positions in Figure 31 and in Figure 14 if 
retardation were uniform. As expected, this is in fact the case with Figure 31 
(a), the uniform aperture example. From the effective velocity distributions for 
the variable aperture cases, it might be expected that the reactive solute would 
be retarded by a factor greater than 10. That this is not true is apparent from 
comparing Figure 31 (b) with Figure 14 (b) and Figure 31 (c) with Figure 14 (c). 
Although it was shown in earlier sections that transport may not be dominated bv 
the largest fractures, it is clearly not dominated by the smallest fractures either. 
in which the retardation factor would be greater than 10. The solute in the 
retarded case has penetrated a greater distance through the network, suggesting 
that the spatial distribution of contaminants is controlled by fractures larger «han 
the mean, i.e. in those fractures for which the retardation factor is less than 10. 
Figure 32 shows the macroscopic breakthrough curve for the retarded solute. 
The time scale in this figure has been reduced by a factor of 10 to facilitate a 
comparison with the macroscopic breakthrough curve for the nonretarded case 
(Figure 15). As expected, the results for the uniform aperture case are identical 
for the retarded and nonretarded solute. The reactive solute breakthrough 
curves, however, are significantly different in appearance for both the variable 
aperture cases. Although variations in fracture aperture proved relatively unim- 
portant as a factor in macroscopic transport for a conservative tracer, they can 
be more significant when coupled with ion exchange or sorption reactions. 
Table 4 shows the macroscopic transport parameters calculated from the 


breakthrough curves for the different aperture distributions tested. If the effec- 
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Figure 32: Macroscopic breakthrough curves for retarded solute. 


107 
tive retardation factor R is defined on the basis of its impact on the mean tracer 
residence time t, for the nonreactive case, it can be seen that the effective 
retardation factor shows a progressive decrease with increasing aperture vari- 
ability. Thus, predicting retardation factors in a continuum on the basis of the 
mean fracture aperture and equation (34), or simulating transport of retarded 
solutes in geometrically simplified fracture systems in which all the fractures 
have the mean aperture value may substantially underestimate the effective 
velocity of a contaminant. Erickson (1983) has proposed a method for determin 
ing an appropriate retardation factor for an equivalent porous medium approx: 
Mation; this approach is based on the fracture porosity nog without reference to 
whether this porosity comprises a few large fractures or many small ones. Such 
an approach could either underestimate or overestimate the residence time of a 
reactive solute. 

Table 4 also shows the retardation factor that would have been expected for 
the largest 10% of the fractures. The observed value of R is intermediate 
between that that would be expected for the largest fractures and that for the 
mean fracture aperture. From the observed retardation factor, the ‘effective’ 
fracture aperture can be calculated; this value is also shown in Table 4. The 
effective aperture for transport is greater than the mean aperture by a relatively 
small amount (33% for oj, 2} = 0.8) in comparison to the difference between the 
largest and the mean fracture aperture (87% for djpn 2b = 0.8). These results lend 
weight to the previous observation that transport is not dominated by the largest 
fractures, ‘although it clearly is controlled by fractures with apertures greater 
than the mean value. 

With R defined on the basis of the mean arrival time, the longitudinal macro- 


scopic dispersion coefficient Dy, for the reactive solute can be determined from 


y= Vee 
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Table 4 


Effect of increasing variability in fracture aperture on macro- 
scopic transport for a reactive solute 


Saale Ln standard deviation of fracture aperture distribution 
value o wenn - -- - - - - - - - - - - - - + - - $= 


parameter 0.0 OeZ 0.4 0.6 Ore: 


(vy)er/R (m/d) 1.72x1073 1.81x1073 1.87x1072 3.16x1072 2.67x107- 
R 9.9997 67292 8.8995 TH0216 Sat6o7 


R for largest 10.0000 65/8 ae8—675 Qui St Tyee a Ae S| 
10% of fractures 


effective 4.00x1074 4.12x1074 4.60x1074 5.98x107? 6.60x107* 
aperture (cm) 


Bae Ratmoiday youl 92xL07 2 in77x107> 209x207 2) Qe70xTOT? aettxi07? 
Dr, (m*/day) WSO UOe ie 7 2210 Sek BGxOT> 2 160xeds Ve2ienki0-* 


Sik OL7582 0.9060>.er 20926 pO PAA 1.4466 


the computed value of Dy/R. Just as in the case of the nonretarded solute, Dy, 
does not show a consistent trend with increasing dj, 2p- Except for the uniform 
aperture case and the ojp 2p = 0-8 case, the dispersion coefficient for the retard- 
ed solute is greater than that for the nonretarded solute, suggesting that under 
the circumstances simulated, retardation may affect macroscopic dispersion. 

For two of the cases (oj, 2p = 0-2 and Oly 2b = 0.4), the coefficient of skew- 
ness of the arrival time distribution is greater for the retarded solute than for the 
nonretarded solute; for the other cases, this parameter was smaller or the same. 
Thus, although the standard deviation of the effective velocity distribution was 


greater for the retarded case, this does not appear to have a major impact on the 
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extent to which macroscopic dispersion can be described as a diffusive process. 
incorporating retardation in the transport equation thus seems to affect the rate 
at which contaminants are carried through a system more than the dispersive 
characteristics of the medium, at least for the conditions simulated in the pres- 


ent study. 


5.2 Effect of Diffusion to Deadend Fracture Segments 

Diffusion of a tracer to deadend fracture segments probably represents an 
insignificant attenuation mechanism for most rock types in comparison to diffu- 
sion to intact matrix material (including diffusion to microfractures). and may 
well also be secondary in comparison to diffusion to slow-flowing regions of fluid. 
Other studies of transport in stochastic-discrete fracture systems Schwartz et 
al., 1982, 1983; Smith and Schwartz, 1984) have accordingly trimmed deadend 
fracture regions from the network. The transport simulation technique used in 
these other studies also neglects diffusive transfer of solutes into fractures with 
very small fluid fluxes; retention of mass in the network may therefore be under- 
estimated. 

It was not possible to test the importance of diffusion to fractures containing 
little flow by removing them from the network; to do so would have altered the 
hydraulic properties of the system. The grid generator was however designed so 
that deadend fracture segments could either be retained or trimmed. To examine 
the importance of diffusion to deadend fractures as an attenuation mechanism, 
the transport simulations shown in Figure 14 (a), (b), and (c) (Section 4.1) were 
repeated without the deadend fracture segments. The fracture network is shown 
again on Figure 33(a); Figure 33(b) shows the trimmed grid system. For this net- 


work, the deadend fracture regions represent approximately 20% of the total 
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fracture volume. If the fracture system were in fact three-dimensional, some of 
these ‘deadend’ segments would have actually intersected other fractures out of 
the plane of the diagram. 

Figure 34(a), (b), and (c) shows the concentration distributions in the fracture 
network at three different times. In comparing these contours with the hydrau- 
lically equivalent systems shown in Figure 14(a), (b), and (c), note that omitting 
the deadend fractures removes the irregularity imparted by the presence of dif- 
fusion to deadend fracture segments. This locally advances the position of each 
contour. Even so, it appears that the tracer is travelling through the trimmed 
network at a slightly more rapid rate than in the untrimmed network. 

Figure 35 compares macroscopic breakthrough curves for two aperture reali- 
' gations of the trimmed and untrimmed system. The difference in the apparent 
velocity produced by diffusion to deadend regions is more apparent than in the 
concentration contours. It is obvious that, at least at the flow velocities consid: 
ered here, diffusion to deadend fracture segments can represent a significant 
attenuative mechanism. 

Table 5 shows the macroscopic transport parameters for the trimmed case. 
In comparison with the parameters shown in Table 2, the tracer velocities are 
approximately 20% greater. For the geometry shown in Figure 33, the presence 
of the deadend fracture regions decreases the macroscopic dispersion coefficient. 
This is contrary to what was expected on the basis of an analogy betwen transport 
in fracture networks with deadend regions ad transport in tubes with stagnant 
pockets (Aris, 1959). Further studies should be performed to indicate whether 


this is a general result. The effect on the macroscopic dispersion coefficient 


diminishes with increasing 5], 2b- 
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Figure 35: Macroscopic breakthrough curves for cases in which dead- 


end fractures have been ‘trimmed’. 


(a) On 2h = 0-0 case 


a ae ee eae 
= =. 
in a 
4 
Ss eierrie 
SAR P Teh | art a \ eed ok 
AML: | ; = es nbs - Fe) 4 
a 
3 % 
' 6 


emaciated l 


A. aay, Qs os i 
(evan) SMi; 


1 megs a1) da stys Gqeeeetsbow jagg hes 
eGiy wesd evad ernifoard bad > ae 


_ 
wa the gegeis) © % 
—_ 


N s (ep) Co So 


RELATIVE CONCENTRATION, C/C, 


So 
Oo 


0.0 


Figure 353 


= 0.8 (UNTRIMMED) 


= 0.8 (TRIMMED) 


20 4.0 one 0 100 
TIME (days) , 


Macroscopic breakthrough curves for cases in which dead- 
end fractures have been ‘trimmed. 
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In all of the cases tested, the skewness of the breakthrough curve is less in 
the trimmed case than in the untrimmed case. Although the curves still asymp- 
totically approach a relative concentration of 1, this result would tend to support 
the hypothesis that diffusion to stagnant or essentially stagnant regions of flow is 
a significant factor in the non-Fickian tendencies of the macroscopic dispersion. 
As shown below for the example with the different connectivities, this may aot 


always be the case. 


Table 5 


Comparison of macroscopic transport parameters for different 
values of dj, 2p without deadend fracture segments 


Computed Ln standard deviation of fracture aperture distribution 
fee OG tel = Se 9 a ee 
parameter 0.0 On2 0.4 026 028 


foci ta/dayje2vl6xl0e* 222x072 Qevoxl0T212.82x107* 2.1ex10 * 


tr/te 0.9764 0.9649 0.9918 1.0451 0.9902 
Dr, (m*/day) PG el 0m lie 6x1 Um ie es 9x1 Ome. SExl0m 2). 29810 * 
Sk 0.6698 0.8004 0.9704 1.1354 1.3465 


The closeness of the ratio of the tracer residence time to the fluid residence 
time t,/t¢ to the uniform-flow value of 0.95 for ojp 2p = 0-0 and 0.2 suggests that 
in these cases, transport is relatively uniformly distributed through the fracture 
network. Diffusion to near-stagnant regions tentatively appears to be a more 
important attenuation mechanism in fracture networks characterized by a greater 


variability in aperture, as shown by the larger values of this ratio. The greater 
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tendency for flow to be dominated in a few fractures (shown by the unevenness of 
the velocity profile in Figure 10) causes the tracer to preferentially follow a few 
pathways within the network, thereby increasing the concentration gradient 
between adjacent regions and increasing the diffusive flux from the high-velocity 
pathways to the near-stagnant regions. This is analagous to the advection- 
diffusion concept for stratified porous media (Gillham et al., 1984). 

The importance of the deadend fractures should be closely related to the 
fraction of the total fracture volume they comprise. To test this, the transport 
simulations for the changes in fracture connectivity were repeated without the 
deadend fractures. The network with the smallest connectivity ratio contains 
approximately 27% deadend fractures by volume, whereas the network with the 
greatest connectivity only contains 6% deadend fracture volume. The results of 
this simulation are shown on Table 6, and can be compared to the untrimmed 
results presented on Table 3. The presence of deadend fractures causes the 
tracer to be retarded by 26% in relation to the results in Table 6 for a connectiv- 
ity ratio of 0.24; this retardation diminishes to 8% for a connectivity ratio of 
0.86. Figure 36 compares macroscopic breakthrough curves for trimmed and 
untrimmed cases for two different degrees of interconnection. The greater 
importance of diffusion to deadend fracture segments in the poorly- 
interconnected case is apparent. 

The macroscopic dispersion coefficients were again greater in the absence of 
deadend fractures. In the present case, however, the breakthrough curves for the 
simulations without the deadend fracture segments show a greater degree of 


skewness, contrary to the trend observed for the simulations with different values 


of O1n 2p: 
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Table 6 


Comparison of macroscopic transport parameters for different 


connectivities without deadend fractures 


Calculated Fracture connectivity ratio 
Value Of rrr mn reer 
parameter 0.24 0.42 0.56 0275 0.86 


(Ve)tr (mM/day) 2.00x10732 3.38x1073 4.23x1073 6.57x1073 8.30x1077 
tr/t¢ 0.7196 1.5174 1.9905 1.8543 > 3439 
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Figure 36: Breakthrough curves for two connectivity values showing 


relative imporiance of diffusion to deadend fractures. 


(a) fracture connectivity ratio = 0.24 
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Figure 36: Breakthrough curves for two connectivity values showing 


relative importance of diffusion to deadend fractures. 


(b) fracture connectivity ratio = 0.86 
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5.3 Scale—-Dependence of Dispersion in Fracture Networks 

Recent observations of dispersion in porous media have shown that field- 
observed dispersion coefficients increase with the scale of the problem under 
consideration; there is a growing body of literature documenting or explaining 
this scale-dependence of dispersion (Schwartz, 1977; Anderson, 1979; Sudicky and 
Cherry, 1979; Pickens and Grisak, 1981; Gelhar and Axness, 1983; Sudicky, 
1983). This scale effect is produced as a tracer encounters heterogeneities that 
produce mixing at a scale greater than that of the porous medium REV. By anal- 
ogy, it might also be expected that macroscopic dispersion in a fractured medium 
will exhibit a similar scale-dependence if an expanding zone of contamination 
encounters pathways with substantially different velocities, creating mixing at a 
scale greater than that occurring within an individual fracture or a few fractures 
with similar flow velocities. | . 

Schwartz et al. (1983) examined whether the dispersive character of a frac- 
ture system could be described via a constant dispersivity or a simple dispersivity 
function using a numerical model. From equation (6), it can be seen that if a 
medium has a constant dispersion coefficient, then the time rate of change in the 
variance of the mass distribution in the longitudinal direction do,“/dt should be 
constant with travel time. Schwartz et al. found that this parameter was not a 
constant, indicating that the classical concept of dispersion as a Fickian process 
may not adequately describe dispersion in fractured media. Nor did dose Jat, tei= 
low a consistent relationship with time, limiting the validity of using dispersivity 
functions as proposed by Pickens and Grisak (1981) for the characterization of 
dispersion in fractured media. 

The scale-dependence of dispersion was examined in the present study by 


testing the results of one realization with the ‘observation’ nodes positioned at 
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five different distances in the longitudinal direction. The fracture network used 
is the same one shown on Figure 1 (a) witha value of 0.4 for ojyp 2p- Because the 
results are obtained in the form of the temporal variance 0” rather than the 
spatial variance on”, a different approach from that employed by Schwartz et al. 
(1983) is required to analyze the scale-dependence of dispersion. 

From equation (8), it cam be seen that the temporal variance of the tracer 


distribution can be equated to 


on% = 2Di ty /vq)tex 38) 


Since t, = x/(vx)tr, this can be rearranged as 


oe? = 2Dix/veltr? (39) 


2 


If both Dy, and (vx)t; are constant, the temporal variance 6,“ is proportional to x, 
the distance traveled. If, however, (vx)tr is not a constant, but the dispersion 
coefficient can be equated to the product of a constant longitudinal dispersivity 


and (vx)ty (equation 5), then 
op? = 2 (vqltex/(Vxler” (40) 


and 6; should be proportional to wieoeo 

Macroscopic breakthrough curves for four different distances are shown on 
Figure 37. These curves clearly show that the macroscopic tracer velocity is not 
a stationary function within this fracture network. The moment analyses of the 
breakthrough curves are presented in Table 7. The observed tracer velocity var- 
ies by at least as much as 20% from one location to another. The macroscopic 
dispersion coefficient does not show any consistent trend with distance, although 


it does increase or decrease with the tracer velocity. If dispersion in fractured 
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media can be characterized with the concept of a constant dispersivity, then 
changes in the dispersion coefficient with changing velocity are to be expected. 
The ratio of the dispersion coefficient to the tracer velocity, however, does not 
show a consistent trend, nor is it a constant, as might have been expected if 
macroscopic dispersion in fractured media can be described by a constant or a 
scale-dependent dispersivity a. 

Whether a scale effect exists within the size of the simulation domain was 
further tested by plotting oy” versus the ratio Vise as shown on Figure 38. If 
no scale effect is present, this plot should be linear. At one point, the curve 
shows a negative slope. This does not mean that the tracer distribution actually 
contracts; as shown on Table 7, the temporal variance progressively increases 
with distance. Although the results are not entirely conclusive, the curve on Fig- 
ure 38 appears to be slightly concave upward, suggesting that the effective dis 
persion might increase with distance. It is possible that the size of the transport 
domain is too small in relation to the scale of the fractures to permit the devel- 
opment of a marked scale effect. Further work is required, both to determine 
whether macroscopic dispersion at any one distance is linearly proportional to the 
tracer velocity, and also to provide a basis for predicting the magnitude of any 


scale effect that might exist. 
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Figure 37: Macroscopic breakthrough curves for four different loca- 


tions within a single fracture network 
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Table 7 


Change in macroscopic transport parameters with distance from 
the source within a single fracture network 


Computed Distance from inflow boundary (m) 
VALU CL mm SS SS 
parameter 0302 0.04 0.05 0.06 0.08 
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Figure 38: Results of investigation of scale-dependence of dispersion 
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5.4 Matrix Diffusion in Fracture Networks 

Diffusion to the matrix has been shown to have a potentially importan: effect 
on the attenuation of contaminants traveling through a single fracture or in a 
system of parallel fractures (Tang et al., 1981; Sudicky and Frind, 1982). It was 
not possible to test the significance of this process in a network of finite frac- 
tures in the present study owing to the difficulty involved in discretizing the 
matrix regions, although the results of this study may have several implications. 

Within a single fracture, the equation governing transport with diffusion to 
the matrix is identical to equation (34) except for the nature of the source/sink 


term. 
ac/at = Dy a@c/ ax” - vdc/ax - q/b 41) 


Other terms can be added to account for sorption onto the fracture walls or 
radioactive decay (Tang et al., 1981). The source/sink term q represents the dif- 


fusive flux into the matrix, and can be expressed using Fick's first law as 
q = -OTD, ac'/dz (42) 


where T is the matrix tortuosity and Qc'/az is the concentration gradient in the 
matrix at the interface with the fracture. 

Using a finite element model, Grisak and Pickens (1980) assessed the sensi- 
tivity of matrix diffusion to changes in the fracture aperture size and flow veloc- 
ity. Their results demonstrate that, other factors remaining constant, much more 
matrix diffusion would occur in small fractures than in large ones. as is obvious 
from the form of equation (41). Similarly, matrix diffusion is a much more sig- 
nificant attenuation mechanism at low flow velocities than at high velocities, as 


was demonstrated on a more rigorous basis by Tang et al. (1981). Section 3.1 
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showed that on a local scale, transport in the absence of matrix diffusion is dom- 
inated by high-velocity pathways in larger-than-average fractures. The similarity 
of equations (34) and (41) suggests this may also be true of transport in the pres- 
ence of matrix diffusion. 

Another important factor in the amount of attenuation introduced by matrix 
diffusion may be the tendency of a contaminant to follow preferred pathways 
within a fracture network. It is apparent that the greater surface area a con- 
taminant is exposed to, the greater the diffusive loss from the fractures. Factors 
that increase the tendency of a network to develop preferred high-velocity path- 
ways along relatively large fractures, such as a large degree of variability in the 
apertures, may reduce the effectiveness of matrix diffusion by exposing the 
solute to a smaller surface area than if the same volume of contaminant were 
distributed among a ieee number of smaller fractures. When combined with the 
smaller diffusive flux from a single large fracture than from a single small frac- 
ture, the effectiveness of matrix diffusion may be further limited. 

The results of the present study, however, also suggest that at least within 
the realm of flow velocities considered, this tendency may be counteracted to 
some extent by the transfer of contaminants via molecular diffusion to the 
remaining regions of the fracture network. The close correspondence of a con- 
servative tracer's velocity through the network to the weighted flow velocity, the 
large ratios of tracer residence time to fluid residence time, and the relatively 
large retardation introduced by diffusion to deadend fracture segments all suggest 
that in the present simulations, the tracer was accessing most of the fractures: 
This will cause a contaminant to be exposed to considerably more surface area 
than if transport were restricted to the largest fractures in the network. If the 


importance of diffusive transfer to relatively stagnant fracture fluid regions is 
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true for most conditions of concern in fractured porous media, then significantly 
more attenuation via matrix diffusion may occur than in the absence of diffusion 
within fractures. A critical area for future research will be to test the relative 
importance of these effects by incorporating matrix diffusion in a stochastic- 


discrete fracture network model. 
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Chapter VI 


IMPLICATIONS OF RESULTS 


6.1 Sensitivity of Stochastic-Discrete Fracture Model to Changes in 


Geometric Parameters 


The results of the present study are of necessity based on a very small num- 
ber of realizations. For this reason, no definitive statements can be made con- 
cerning the sensitivity of transport to uncertainty in the statistical parameters 
describing the geometry of a fracture network. The results do however provide 
insight into the mechanisms governing transport in fracture networks, which 
allows some general conclusions to be drawn. 

On a local scale, flow and transport in fractured media are both very sensi- 
tive to uncertainties in the statistical parameters describing the geometry of 3 
fracture network. The spatial distribution of flow velocities and fluid discharges 
changes markedly as the variability in the sizes of fracture apertures increases. 
Both flow and contaminant transport begin to follow preferred pathways, pro- 
duced wherever there is a fortuitously interconnected series of larger, more 
permeable features. These pathways need not be restricted to the largest fea- 
tures in a network, but can comprise medium-sized features if the accessibility of 
the largest features is limited by their being linked only to small fractures. The 
largest features need neither dominate flow nor transport in a finite network. 


The sensitivity of flow and transport on a local scale to changes in geometrical 
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parameters can be expected to greatly complicate attempts to predict transport 
over short distances or efforts to monitor groundwater contamination in fractured 
media. 

Transport within a fracture network is, however, likely to be strongly influ- 
enced by fractures with apertures larger than the mean value, as proven by the 
simulations incorporating retardation. Attempts to predict contaminant retarda- 
tion based on a mean fracture aperture may significantly underestimate the rate 
of transport in a fractured medium. Because both estimating fracture apertures 
from hydraulic testing and estimating mean fracture apertures from bulk hydrau- 
lic conductivity assuming perfect interconnection will generally underestimate 
the true values, overpredicting solute retardation in fractured media via sorption 
reactions or matrix diffusion is a potentially serious problem. 

One of the most important raeeuee governing Nee and transport in fractured 
media appears to be the connectivity of fractures, a somewhat nebulous concept 
to attempt to apply to real systems. The hydraulic properties of finite fracture 
networks are very different from those of networks of infinite fractures. The 
bulk hydraulic conductivity of a finite fracture network may be orders of magni- 
tude less, depending on the connectivity. This could introduce errors of an order 
of magnitude or more in the effective aperture estimate even if the bulk hydrau- 
lic conductivity were accurately known and reliable estimates were available of 
fracture density, which is rarely the case. If the effective porosity is computed 
from this estimated mean aperture, the effective velocity may be overestimated. 
The extent to which this could be countered by the greater predicted sorption and 
matrix diffusion introduced by a too-small aperture representation primarily 


depends on the specific solute and on the rock porosity. 
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Although neither the bulk hydraulic conductivity nor the weighted flow 
velocity changed much with changing aperture ended deviation, their sensitivi- 
ty to connectivity suggests that the vagaries of interconnection may dominate 
the bulk hydraulic response of a fracture network. Repetitive realizations with 
the same aperture distribution may be expected to exhibit a very different 
response, depending on the specifics of interactions between individual fractures. 
If this is the case, then an inverse approach to estimating the parameters 
describing the fracture aperture distribution may not provide very reliable 
results. Complete Monte Carlo simulations may be required to assess the uncer- 
tainty in the hydraulic response associated with a known aperture distribution. 
Macroscopic transport in fractured media appeared to be remarkably insensi- 
tive to changes in aperture standard deviation for the single network geometry 
tested, as long as the tracer was conservative. The extent of fracture intercon- 
nection was a much more important parameter, at least as far as the mean resi- 
dence time of a conservative tracer was concerned. This mean residence time 
was much less sensitive to changes in connectivity than the fluid residence time 
was, however. Diffusion to deadend fracture segments and slow regions of flow 
may have a damping influence on the rate of transport expected from the spatial 
distribution of velocities within preferred pathways or expected from the bulk 
hydraulic conductivity and effective porosity. The tracer residence time for all 
of the simulations was slightly to significantly greater than the fluid residence 
time. Part of this was shown to be due to diffusion to deadend fracture seg- 
ments; the remainder may be primarily due to transport of a tracer within near- 
stagnant regions of flow, where it is retained for long periods of time. Transfer 
of solutes to such zones is enhanced by the presence of molecular diffusion within 


fractures. Because of this transfer to the entire volume of fractures, the rate at 
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which a tracer was observed to travel through the simulated networks was much 
more closely related to the path length-weighted average flow velocity than to 
the velocities along the preferred pathways. More simulations need to be per- 
formed to substantiate this result; these should be performed at different 
hydraulic gradients to determine the point at which this time-dependent diffusive 
transfer becomes subsidiary to advection in the high-velocity regions. 

The present simulations did not uncover any clear relationship between mac- 
roscopic dispersion and any other parameter. Macroscopic dispersion was 
remarkably insensitive to changes in fracture geometry for the limited number of 
realizations tested, much more so oe the average residence time of a conserva 
tive tracer was. Whether macroscopic dispersion within a single network 
increases as some function of the average velocity should be tested with simula- 
tions at different hydraulic gradients; such results may show that macroscopic 


dispersion was largely controlled by diffusion in the present study. 


6.2 Applicability of Dual-Porosity Models 

The applicability of current dual-porosity models to the study of transport in 
fractured porous media will depend primarily on the purpose of the simulation and 
on the manner in which the parameters are estimated. Clearly such models will 
be much more useful for systems of evenly-spaced, highly-interconnected, near- 
uniform fractures such as are found in some sedimentary units than in the highly 
erratic fracture systems more common in crystalline rocks. If the fracture den- 
sities and apertures are known, a dual-porosity model may greatly overestimate 
fracture flow velocities because of the assumption of perfect interconnection. 
Perfect interconnection provides greater access to diffusion sites, however, and 


the overall effect on contaminant attenuation is difficult to predict. 
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If fracture apertures are estimated based on measured bulk hydraulic conduc- 
tivity and known fracture density, both flow velocities and fracture apertures 
could be underestimated. Solute retardation and matrix diffusion would then be 
overestimated. 

A potentially serious limitation of current dual-porosity models is their 
assumption of simple (sub-orthogonal) fracture geometries and simple aperture 
distributions (rarely more than bimodal). Flow and transport are thus evenly dis- 
tributed through the network, causing contaminants to contact a greater surface 
area of rock for matrix diffusion. This is very different from the situation that 
may well occur within real fracture networks owing to differences in fracture 
aperture or interconnection. The extent to which the limited spatial distribution 
of contaminants may be counteracted by molecular diffusion to regions not par- 
ticipating as actively in flow merits further investigation. 

Because dual-porosity models may either overestimate or underestimate con- 
taminant arrival times, no blanket statement concerning the reliability of their 
predictions to field-scale problems is possible. Although they represent invalua- 
ble conceptual tools for illustrating how certain parameters can control solute 
transport in fractured porous media, as with any other model, they should only be 


applied with a clear understanding of their limitations. 


6.3 Applicability of Continuum Models 

The question of the applicability of continuum models for the simulation of 
solute transport in fractured media is partly related to the validity of a Fickian 
model of dispersion. In the present study, the observed macroscopic dispersion 
was not strictly Fickian. Macroscopic breakthrough curves were strongly ‘tailed’, 


asymptotically approaching 4 relative concentration of l. The extent to which 
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this is caused by a capacitance effect introduced by diffusion to essentially stag- 
nant regions of fluid and the extent to which the averaging technique contributes 
cannot be determined. The similarity of results for individual nodes to the mac- 
roscopic results suggests that the averaging technique is not entirely responsible. 
Diffusion to deadend fracture segments was observed to decrease macroscopic 
dispersion for the limited number of realizations tested; this process also affect- 
ed the skewness of the breakthrough curves, though not in a consistent manner. 
It should be noted that at least over relatively short distances, diffusion to the 
matrix will greatly increase the non-Fickian tendencies of macroscopic disper- 
sion. 

Even though the macroscopic dispersion was not strictly F ickian, transport in 
the present study eould still be closely represented at any one distance by a dis- 
persion model. The applicability of this model to larger systems, or to a variety 
of points within the same system, needs further testing. Although a tracer tra- 
velled at a rate close to the weighted flow velocity in those networks studied, 
this result may not hold for all downgradient locations. The lack of stationarity 
of the macroscopically-observed velocity field complicated attempts to assess the 
scale-dependence of dispersion- This may be a common problem at a field scale. 

The macroscopic dispersion coefficient appeared relatively insensitive to 
changes in fracture geometry- This result should be tested using a large number 
of realizations to see if it is possible to correlate macroscopic dispersion with any 
geometric parameter. It may be that the insensitivity of the dispersion coeffi- 
cient can be pees by control via molecular diffusion, or possibly the disper- 
sion coefficient is simply not sensitive to those parameters tested over the scale 
of the simulations. If this insensitivity is true in general of conditions represen- 


tative of real fractured media, the applicability of a continuum concept is 
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13g 
favored. Problems remain in parameter estimation and in the technique’s poten- 
tial inability to predict contaminant tramsport on a local scale. Because of aver- 
aging, contaminants may travel at a much more rapid rate on a local scale than 
on a macroscopic scale. 

Smith and Schwartz (1984) recently proposed an alternative to the traditional 
continuum approach. Their method involves applying a particle-tracking tech- 
nique to a stochastically-generated discrete-fracture network, developing prob- 
ability distribution functions describing particle displacement from the results; 
these then form the basis for the continuum model. Neglecting molecular diffu- 
sion in the fracture networks may represent an important limitation, depending 
on the flow regime. As with the present simulations, this technique may be high- 
ly sensitive to boundary effects; the velocity distribution of a large region is 
unlikely to bear much relationship to that of a small region owing to the differ- 
ence in distance from arbitrarily-imposed boundary conditions and possibly dif- 
ferent degrees of interconnection within the flow domain. The question of the 
size of an appropriate REV for simulating transport with any approach based on 
stochastically-generated fracture networks must be closely examined before its 


use can be widely adopted. 


6.4 Areas for Future Research 

The present study barely touched upon many issues of potential importance to 
the description of transport in fractured media. Areas for future research 
abound; a few are described here. 

Many more statistical geometrical parameters could be subjected to a sensi- 
tivity analysis, and many more realizations need to be performed to substantiate 


some of the findings of this study. The present study, in accordance with Smith 
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and Schwartz (1984), showed bulk flow and transport in a fracture network to be 
relatively insensitive to changes in the fracture aperture standard deviation. 
Whether this is also true of the mean aperture is worth investigating. The sensi- 
tivity of flow or transport on a local scale to changes in fracture orientation dis- 
tribution should also be investigated. Long et al. (1982) found an equivalent 
porous medium approach to be more appropriate for the representation of flow in 
fracture networks as the variability in fracture orientations increased; the impact 
this might have on transport is not readily apparent. The sensitivity of the pres- 
ent results to changes in fracture connectivity suggests that efforts to charac- 
terize this parameter in real systems would be useful. An additional potentially 
important factor may be the sensitivity of stochastically-generated discrete- 
fracture transport results to the boundary conditions imposed and to the size of 
the domain with respect to the ieneih of the pgenies: The present results are 
only based on a few realizations; many more would be required before the uncer- 
tainty introduced by errors in statistical geometrical input parameters can be 
fully assessed. 

The two-dimensional stochastic-discrete fracture model developed in the 
present study certainly contains areas for improvement. Consideration should be 
given to incorporating the effects of fracture roughness, to variability in aperture 
along an individual fracture, to extending the network to a three-dimensional 
array of fractures, and to incorporating the effects of matrix diffusion. The first 
parameter is relatively straightforward except for uncertainties in the relation- 
ship between fracture roughness and hydrodynamic dispersion within individual 
fractures. The last two areas may entail a major effort. For media in which the 
matrix is comprised of microfractures, diffusion to the matrix could be incorpo- 


rated by generating such features in the same manner as the rest of the frac- 
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tures. This would avoid the necessity of discretizing the matrix blocks, but might 
require considerable computational effort. The present model assumes no corre- 
lation between fracture aperture and length. For some fractured media, such an 
assumption may be unrealistic. If there is a relationship between fracture aper- 
ture and length, then the tendency of the largest fractures to dominate flow may 
be much greater than was observed in the present study. This could be tested by 
incorporating a correlation function between fracture length and aperture. 

Finally, the applicability of a Fickian model of macroscopic dispersion in 
fractured media needs further study. The macroscopic dispersion coefficients 
observed were curiously insensitive to changes in fracture geometry at the scale 
of the present study; whether this is true of real systems, whether it would be 
true of other realizations, whether it represents a limitation of the smail size of 
the networks, or whether the mgeESECOpIC Berenice was diffusion-controlled may 
be important questions. Testing the system at different hydraulic gradients, and 
examining the scale-dependence of dispersion in a large fracture network may 
provide a better appreciation of the limitations of a Fickian model to the 


description of macroscopic dispersion in fractured media. 
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APPENDIX A: FRACTURE GENERATION, FLOW, AND TRANSPORT 


MODELS 


Four computer models were used in simulating advective-dispersive transport 
in fracture networks. Program FRACGEN generates a fracture network and a 
grid system; program FRACFLOW simulates steady-state flow through the frac- 
ture system and calculates the average flow velocity within each fracture seg- 
ment; program FRACDISC calculates the dispersion coefficient and retardation 
factor for each fracture segment and rediscretizes the grid system to minimize 
numerical dispersion; and program FRACTRAN simulates advective-dispersive 
transport within the fracture network. The programs are included at the end of 
this Appendix. They are all fully documented and self-explanatory. Extra infor- 
mation concerning input and output files is provided below. The first three pro- 
grams all call plotting functions designed for a Nicolet Zeta 3653sx drum plotter 


(or equivalent device). 


Fracture Generation Program 

Program FRACGEN is set up to read and write from six external devices. FI 
18 is the primary input file, which must be provided by the user. Any parameters 
generated by the program are written to FI 19. Lf simulations are being run with 
one or more parameters held constant, the appropriate portions of this output file 
can be embedded back into FI 18 for subsequent runs. FI 20 is the primary output 


file summarizing the geometry of the fracture network and parameters such as 
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the theoretical hydraulic conductivity and effective porosity. FI 21 is generated 
as the primary input file for program FRACFLOW. If only fencttice apertures are 
being generated and the grid system stays the same so that no plotting is required 
(KPLOT = 0), this file will not be generated. The input file from the base case 
can however be used as an input file for FRACFLOW, substituting the new aper- 
tures contained in FI 19. FI 22 contains values of the (base 10) logarithms of 
fractures; this file is used to generate histograms. Finally, the fracture network 


and grid system are contained in the plotfile. 


Fracture Flow Program 

Program FRACFLOW also uses six external devices. FI 25 is the primary 
input file; most of this is generated by program FRACGEN as described in the 
input documentation. FI 26 is the peas output fils summarizing the hydraulic 
head values at the nodes, the elemental flow velocities, discharges, and Reynolds 
numbers, the maximum, average, and weighted average velocities, and the bulk 
flow parameters. FI 27 contains head values generated by this program which are 
used as input for SURFACE II contouring programs. FI 28 contains (base 10) log- 
arithms of elemental velocities; these are used to generate histograms. FI 29 
contains elemental velocities in a format suitable for input to program 
FRACDISC. The grid system (for superposition of hydraulic head contours) and 


the velocity vectors are plotted on the plotfile. 


Fracture Rediscretization Program 
Program FRACDISC uses five devices. FI 25 is the primary input file. The 
same file used as input for program FRACFLOW can be used with minor changes, 


such as embedding FI 29 generated by FRACFLOW. FI 26 is the primary output 
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file; it contains the Peclet and Courant numbers for the new elements. FI 27 is 
generated as an input file for program FRACTRAN. FI 28 contains the (base 10) 
logarithms of the effective (V/R) velocities for preparing histograms. The plot- 


file contains the new grid system for superposition of the concentration contours. 


Fracture Transport Program 

Program FRACTRAN uses eight files. FI 25 is the input file generated by 
program FRACDISC. FI 26 contains the number of time steps and the macro- 
scopic concentrations for breakthrough curve generation. FI 28 contains concen- 
trations at selected times for contouring with SURFACE IL FI 29 contains values 
of dimensionless time, and FI 30 contains values of actual time. Finallv, FI 31 


contains concentrations for a designated individual node. 
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